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THE USE OF a-BENZOINOXIME IN THE DETERMINATION 
OF MOLYBDENUM 


By H. B. Knowles 


ABSTRACT 


Present methods for the determination of molybdenum in any considerable 
amount require a number of tedious and time-consuming operations prior to the 
actual determination of that element. a-benzoinoxime, advocated as being 
specific for copper, has been found to precipitate moly bdenum quantitatively and 
to isolate it from most of the more commonly encountered elements. As a result 
of the present study a procedure has been developed by which molybdenum can 
be determined in ores, steels, and other products in much less time than by 
present methods and with all the accuracy of the best methods now in use. 


CONTENTS 


I. Introduction 
II, Experimental 
1. Preliminary considerations 

(a) Permissible acidity 

(b) Temperature of the solution 

(c) Amount of reagent required 

(d) Time necessary for complete precipitation 

(e) Washing the precipitate 

(f) Final treatment of the precipitate 
Procedure recommended for general use________-__--- 
Behavior of other elements in recommended procedure 
Applications of the procedure 

(a) Analysis of steel 

(b) Analysis of ores and commercial products--_- --- ---- 
ee, ae cand aus ae no-one we ; 


gone 
NI? Cr Gt Bm Go GO Wo bt OS tO tO DO 


I. INTRODUCTION 


In an investigation of some reagents proposed as being specifics for 
copper, consideration was given a-benzoinoxime, which has been 
recommended by Feigl,' and for which he has proposed the name 
“Cupron.”” Briefly, it is stated by Feigl that complete precipitation 
of copper results when an alcoholic solution of the reagent is added to 
a hot, “clear blue” ammoniacal solution of copper. In the presence 
of iron, aluminum, lead, etc., precipitation is made in an ammoniacal 
tartrate solution, while in the presence of nickel, a tartaric acid solu- 
tion buffered with tartrate is recommended. The resulting precipi- 
tate is said to be insoluble in water, alcohol, dilute ammonium hydrox- 
ide, acetic, and tartaric acids; easily soluble in mineral acids and 
slightly soluble in concentrated ammonium hydroxide. After appro- 
priate washing it is dried and weighed as 


Cu (CsH;—CH—C—C,H;) 
| 
0 NO 
containing 22.02 per cent of copper. 





'F. Feigl, Ber., vol. 56, II, p. 2083, 1923. 
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The desirability of using a-benzoinoxime for the precipitation of 
copper in the presence of other elements, notably molybdenum, led to 
a study of the behavior of the reagent toward such elements. Pre- 
liminary tests disclosed the fact that while the reagent was not as 
specific for copper as could be wished, it did present interesting possi- 
bilities in its reactions with molybdenum. This element was not only 
quantitatively precipitated in an acetic acid solution buffered with 
acetate, but also in cold mineral acid solutions containing as much as 
20 per cent by volume of sulphuric acid. 


II. EXPERIMENTAL 


1. PRELIMINARY CONSIDERATIONS 
(a) PERMISSIBLE ACIDITY 


Experiments showed that to prevent the interference of certain 
elements the solution must be distinctly acid with either sulphuric, 
hydrochloric, or nitric acid. A solution containing 5 5 per cent by 
volume of sulphuric acid is preferable, although good precipitations 
were also obtained from solutions containing as much as 20 per cent 
by volume of sulphuric acid. Solutions containing 5 per cent of 
hydrochloric or nitric acid gave excellent results in instances, in which 
sulphuric acid was objectionable, such as in the presence of tin or 
lead. Successful precipitations were also obtained in solutions con- 
taining 5 per cent by volume of phosphoric acid. Precipitations made 
in the presence of tartaric acid were not quite complete, while those 
made in solutions containing hydrofluoric acid indicated that this acid 


must be absent. 
(b) TEMPERATURE OF THE SOLUTION 


Precipitations at 80° to 90° C., as well as those performed at room 
temperature showed that there was danger of reducing sexivalent 
molybedenum before it was precipitated. Experiments showed that 
this condition was avoided best by working with a cold solution and 
adding sufficient bromine water to faintly tinge the solution after 
the addition of the reagent. 


(c) AMOUNT OF REAGENT REQUIRED 


When slightly more than the theoretical panna of the reagent 
was used, as determined by the relation 1 Mo to 3 C,H,;-CH(OH):- 
C: (NOH): C.H;,, incomplete precipitation resulted. Similar unsatis- 
factory results prevailed when ten times the theoretical quantity of 
reagent was employed. This efiect may have been caused, in part, 
by the large quantity of alcohol] added with the reagent. It was found 
that from two to five times the theoretical amount of reagent provided 
an adequate excess. 

(d) TIME NECESSARY FOR COMPLETE PRECIPITATION 


Experiments to determine the time necessary for complete precipi- 
tation showed that although filtration could be begun almost imme- 
diately following the final addition of the reagent, equally satisfactory 
results were obtained when filtrations were made at the end of 10 
minutes, during which time ample opportunity was afforded to per- 
mit intermittent thorough stirring. Low results were obtained when 
the precipitates were allowed to remain in contact with the solutions 
for 30 minutes. 





— 
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(e) WASHING THE PRECIPITATE 


It was found that water, absolute ethyl alcohol, and various mix- 
tures of diluted alcohol containing a little sulphuric acid were not suit- 
able for washing the precipitate. The most promising wash solution 
was found to be a cold, diluted sulphuric acid (1 per cent by volume) 
containing a small amount of a-benzoinoxime. 


(f) FINAL TREATMENT OF THE PRECIPITATE 


Experiments in which it was sought to weigh or titrate the molyb- 
denum precipitate, after appropriate washing and drying, gave no 
immediate indication of success, and further attempts were aban- 
doned. Difficulties, such as are experienced in the direct ignition of 
some organic compounds, were not encountered, for it was found 
that the precipitate could be ignited directly to molybdic oxide after 
a short drying. 


2. PROCEDURE RECOMMENDED FOR GENERAL USE 


Prepare a solution containing 10 ml of sulphuric acid (specific 
gravity 1.84) in a volume of 200 ml and not more than 0.15 g of sexi- 
valent molybdenum. If vanadates or chromates are present add 
sufficient freshly prepared sulphurous acid to reduce them and heat 
to boiling. Continue the boiling until the odor of sulphur dioxide can 
no longer be detected. Chill the solution to a temperature of 5° to 
10° C, Stir and slowly add 10 ml of a solution of 2 g of a-benzoinox- 
ime in 100 ml of alcohol and 5 ml extra for each 0.01 g of molybdenum 
present. Continue to stir the solution, add just sufficient bromine 
water to tint the solution a pale yellow and then add a few milliliters 
of the reagent. Allow the beaker and contents to remain in the cool- 
ing mixture 10 to 15 minutes with occasional stirring, stir in a little 
macerated filter pulp and filter through a paper of close texture, such 
as S. & S. No. 589 Blue Band. Filtration can be greatly facilitated 
by using a coarser filter, such as S. & S. No. 589 Black Band, but it is 
then requisite that the filtrate be very carefully examined and the 
first portions refiltered if they are not absolutely clear. Wash the 
precipitate with 200 ml of a cold, freshly prepared solution containing 
25 to 50 ml of the prepared reagent and 10 ml of sulphuric acid in 
1,000 ml. On standing, the filtrate will deposit needlelike crystals if 
sufficient reagent has been employed. 

Transfer the washed precipitate to a weighed platinum crucible, 
cautiously dry; char, without flaming, over a very low gas flame and 
then ignite to constant weight in an electric muffle at 500° to 525° C. 
In umpire analyses of materials containing silica it is best to remove 
that constituent before proceeding with the precipitation of molyb- 
denum rather than to treat the final precipitate with sulphuric and 
hydrofluoric acids, because of the uncertainty of completely decom- 
posing molybdenum sulphate at the temperature of ignition. If the 
oxide contains no impurities, except tungsten, it should dissolve com- 
pletely in warm dilute ammonium hydroxide. If an insoluble residue 
remains, it must be separated by filtration, ignited, weighed, and the 
weight subtracted. If tungsten may be present, the clear ammoniacal 
solution should be acidified with hydrochloric acid and treated with 
cinchonine as in IJ, 4(b), ‘‘ analysis of ores and commercial products.”’ 
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Results obtained by use of the recommended procedure with pure 
solutions of molybdenum are given in Table 1. 


TABLE 1.—Determination of molybdenum in pure solution 





| 

eo 

| ae | Mo added | Mo found | Difference 
| 














3. BEHAVIOR OF OTHER ELEMENTS IN RECOMMENDED PROCEDURE 


In a survey of the behavior of other elements in the procedure rec- 
ommended in II, 2, the following elements were studied: Silver, lead, 
mercury, bismuth, copper, cadmium, arsenic, antimony, tin, selenium, 
tellurium, aluminum, iron, titanium, zirconium, chromium, vanadium, 
silicon, tungsten, tantalum, columbium, cerium, uranium, rhenium, 
nickel, cobalt, manganese, zinc, and the members of the platinum 
group—ruthenium, rhodium, palladium, osmium, iridium, and 
platinum. 

The only elements that give precipitates in mineral acid solutions 
with a-benzoinoxime are tungsten, palladium, sexivalent chromium, 
quinquevalent vanadium, and tantalum. The precipitation of tung- 
sten and palladium is seemingly quantitative and the use of a-ben- 
zoinoxime in quantitative determinations of these elements is being 
studied. For example, in a determination of molybenum in the Bureau 
of Standards standard sample of chrome-vanadium steel No. 72 the 
result obtained was too high. The error was afterwards found to be 
caused by tungsten, the presence of which had not been previously 
noted. The precipitation of sexivalent chromium and quinquevalent 
vanadium was not studied because satisfactory methods for their 
determination are available, and it was found that they cause no 
interference when reduced to lower valences (Cr™! and V'Y). The 
precipitate with tantalum appeared more like the hydrated acid than 
a compound with the reagent, and the reaction was not studied further 
because tantalum occurs but seldom, and most of it would be removed 
before precipitation of molybdenum would be attempted. 

Silver, lead, mercury, bismuth, copper, cadmium, arsenic, anti- 
mony, tin, aluminum, iron, titanium, zirconium, trivalent chromium, 
quadrivalent vanadium, cerium, uranium, nickel, cobalt, manganese, 
and zine are not precipitated either when alone or when associated 
with molybdenum. Experiments dealing with mixtures of these 
elements are shown in Table 2. The separation of molybdenum 
from antimony is of particular interest because good methods for the 
separation of these elements are lacking. 

Selenium, tellurium, rhenium, ruthenium, rhodium, osmium, 
iridium, and platinum are not precipitated when they occur alone. 
Their behavior when associated with molybdenum was not studied. 

Columbium and silicon, in addition to the already mentioned 
sexivalent chromium, quinquevalent vanadium, palladium, tungsten, 
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and tantalum contaminate the precipitate and must be removed 
before precipitation of molybdenum is attempted, or else determined 
in the weighed precipitate and deducted. 

The results given in Table 2 were obtained when a single precipi- 
tation of molybdenum was made in the presence of other elements. 
With the exception of experiment No. 3, tests of the final precipitates 
showed no evidence of the presence of contaminating elements. The 
filtrate and washings from each experiment, after evaporation with 
nitric and sulphuric acids to destroy organic matter and testing 
colorimetrically by treating with potassium thiocyanate and stannous 
chloride ? showed less than 0.1 mg of molybdenum. 


TABLE 2.—Determination of molybdenum in the presence of other elements 


| 


Mo added | Mo found | Difference Remarks 
ie 

| 

| 





E aa 


g | g g 
0.0103 | 3 -0. 0002 | Precipitated in 5 per cent HCI+1 per cent HNQs. 
. 0103 | - . Precipitated in 5 per cent HCl. 
. 0513 : , 9 | Precipitated in presence of 0.05 g V ’. 
. 0513 | ; ; Precipitated in presence of 0.05 g V'¥. 
. 0513 ; ‘ —— in presence of 0.05 g Sn'vin 5 per cent 
C 


. 0513 | . 05 ; P recipitated i in presence of 0.05 g each of Ni, Co, Mn, 

Crm, Fe, Zn, Cu. 

. 0513 . 05 : Precipitated in presence of 0.05 g each of Ti, Zr, 

Cem, Al, U. 

. 0513 . 0 ; Precipitated in presence of 0.05 g each of Pb, Sb, As, 
| after removal of Pb as sulphate. PbSO,’ not 
examined for Mo. 

. 0513 Of . — in presence of 0.05 g each of Ag, Bi, Cd, 

gu. 

Precipitated in presence of 0.05 g Sbv in 5 per cent 

acid (50 per cent H2SO,: 50 per cent HC)). 











It was found that if correct colorimetric determinations of molybde- 
num are to be obtained the complete absence of nitric acid and plati- 
num must be assured. The removel of nitric acid is readily accom- 
plished by heating to fuming with an excess of sulphuric acid, while 
the absence of platinum is best assured by conducting all necessary 
fusions and evaporations in either silica or porcelain laboratory ware. 


4. APPLICATION OF THE PROCEDURE 
(a) ANALYSIS OF STEEL 


To study the applicability of the procedure to the determination 
of small amounts of molybdenum in steel, samples of the Bureau of 
Standards standard sample No. 72 and of No. 11d with small addi- 
tions of molybdenum were used. Qne-gram samples of the steel 
were dissolved in 50 ml of diluted sulphuric acid (1+6) and the 
solution treated with a minimum amount of nitric acid (specific 
gravity 1.42) to decompose carbides and oxidize the molybdenum. 
The solutions were filtered, if not perfectly clear, diluted to 100 ml 
with water, cooled, treated with sufficient ferrous ammonium sulphate 
to reduce vanadic and chromic acids, and then cooled to 5° to 10° C. 
Five to ten milliliters of the a-benzoinoxime reagent was added, 
followed by the addition of bromine water and a few more milliliters 
of the reagent. After standing 10 to 15 minutes, , the precipitates 


New Tok tn Hoffman, and Bright, Ghemania indyéiee of are anid | Steel, p. 323, ieee Ww viley & fons, 
ew or 
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were filtered, washed, and ignited as in the procedure already de- 
scribed. The ignited oxides were examined for any insoluble residue 
and tungsten they might have contained. 

The results obtained by the above procedure are shown in Table 3. 


TABLE 3.—Determination ie molybdenum in steel 


lybdenum | 
Experiment Sm Sen SRE , 
No. Material | ence Remarks 
| Added or 
| present 


- Percentage of mo- 
| 
| 


Found | 


| 
| 
| 
} 
| Per cent | Per cent | Per cent 
| 





— _..... Chrome molybdenum 0. 149 0.166 | +0,017 Gravimetric determination. 
= No. 72. 
Rees es. | | 149 .160 | +.011 Do. 
3 : B. } a steel No. lld_-| . 0051 .0054 | +. 0003 | Colorimetric determination after 
| | solution of the precipitate. 
4 : —— oo ae, .0096 | —. 0007 | 0. 
5 z ~~ eee | 51 | .52 | +.01 Gravimetric determination. 


f 60s soon ...| 513 | 5.15 | +.02 Do. 


(b) ANALYSIS OF ORES AND COMMERCIAL PRODUCTS 


To study the applicability of the method to large amounts of 
molybdenum, determinations were made on the Bureau of Standards 
standard sample of calcium molybdate No. 71 and samples of wulfe- 
nite and molybdenite ore. The procedure adopted in the analysis of 
these materials consisted of an initial attack of 0.2 to 0.5 g of the 
material with either hydrochloric acid, nitric acid, or a mixture of 
both. Molybdenite is perhaps more readily attacked by treating with 
a mixture of fuming nitric acid (specific gravity 1.49) and bromine. 
Following the preliminary decomposition the solution was diluted with 
water, treated with 25 ml of diluted sulphuric acid (1+1) and evap- 
orated until fumes of sulphuric acid appeared. After the addition of 
100 ml of water, the solution was heated to dissolve soluble sulphates, 
filtered, and washed with diluted sulphuric acid (2+100). The in- 
soluble residue obtained at this stage contained a small amount of 
molybdenum which was determined by fusing the residue with 
sodium carbonate, extracting with water, and making a colorimetric 
test of the water extract. The filtrate, at room temperature, was then 
diluted to 200 ml and treated with a few drops of tenth normal 
potassium permanganate, enough to produce a permanent pink tinge, 
to insure complete oxidation of the molybdenum. Freshly prepared 
sulphurous acid was then added to reduce vanadates and chromates, 
and the solution boiled until no odor of sulphur dioxide could be 
detected. After thorough cooling, the solution was treated with an 
excess of a-benzoinoxime, and the resulting precipitate filtered, washed, 
dried, ignited, and weighed. The ignited oxide was dissolved in the 
least possible amount of warm dilute ammonium hydroxide, filtered, 
washed with warm water, and the filter with its contents ignited and 
weighed. The ammoniacal extract containing all the molybdenum 
was acidified with hydrochloric acid, treated with cinchonine, digested 
overnight, me any precipitate of tungsten was filtered, washed, 
ignited at 525° C. and weighed. The weight of this residue, together 
with that ft the residue insoluble in ammonium hy droxide, was 
deducted from the weight of the molybdenum oxide. 
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Results of the experiments are given in Table 4. 


TABLE 4.—Determinations of molybdenum in ores and commercial products 





ee Material | Mo found temarks 

1.....--.--.-| Calcium molybdate. .| 35.22 percent Mo.--.-- Certificate value 35.3 per cent. 

f. . ciwensinbaetoomies ” RSE | 35.26 percent Mo-_---_- | 

PEAY Wulfenite ore__....-- | 18.77percent MoOs-- | 11 analysts reported values between 18.29 
| | and 21.86 per cent by various procedures. 

boc ccc cecum eeaatombion eieesskes | 18.84percent MoOs_--| Do. 

IR ee Molybdenite ore ----- 70.4 per cent MoOs_-_-| 13 analysts reported values between 68.62 

| and 74.79 per cent by various procedures, 
Rcicass ceeeeees _ pete re 70.1 percent eM...) Do. 


In some further tests on the wulfenite ore, a 5 g sample was treated 
as described, and the solution diluted to exactly 500 ml after decom- 
position and the removal of the lead as sulphate. Direct precipita- 
tion with a-benzoinoxime in 50 ml aliquots indicated 18.73, 18.67, and 
18.73 per cent of molybdenum trioxide. Tests on similar aliquots 
indicated 18.77 and 18.75 per cent after the long and tedious process 
of eliminating arsenic and vanadium by triple precipitation with 
ammonium hydroxide in the presence of ferric iron, separation from 
tungsten by precipitation of the molybdenum as sulphide from an 
acid solution containing tartaric acid, recovery of the molybdenum 
which escaped the sulphide precipitation and other time-consuming 
attendant operations. The removal of copper, which does not inter- 
fere in the a-benzoinoxime procedure, is a requisite of the longer 
procedure before attempting either a gravimetric or volumetric 
determination of molybdenum. 

In connection with the process of removing arsenic and vanadium 
by precipitating with ammonium hydroxide in the presence of ferric 
iron, it is to be noted that if lead is present in the original material, 
and escapes separation as sulphate, it will combine with and retain 
molybdenum in the precipitate of ferric hydroxide. The amount of 
molybdenum thus held may be conveniently determined by dissolving 
the ferric hydroxide in sulphuric acid, treating with potassium thiocy- 
anate and stannous chloride, and comparing the resulting color with 
that of a standard molybdenum solution by means of a colorimeter. 
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EFFECT OF ZINC COATINGS ON THE ENDURANCE 
PROPERTIES OF STEEL 


By W. H. Swanger and R. D. France 


ABSTRACT 


The effect of the surface alterations, resulting from the application and presence 
of hot-dipped galvanized and electroplated zinc coatings, on the endurance 
properties of 0.02 per cent carbon open-hearth iron and 0.45 and 0.72 per cent 
carbon steels was determined by fatigue tests made with R. R. Moore rotating 
beam and Haigh axial loading machines. 

Rotating beam tests were made on: (a) Polished but uncoated specimens, (b) 
specimens coated by the hot-dip galvanizing process, (c) zinc-plated specimens, 
and (d) on specimens acid pickled as for galvanizing. Axial loading tests were 
made on uncoated and galvanized specimens only. 

The open-hearth iron was tested in the ‘‘as rolled” condition. The two carbon 
steels were tested in the normalized and annealed condition, in the quenched 
condition, and in the tempered condition, except that axial Joading tests were not 
made oa quenched specimens. 

The results of the fatigue tests are given in conventional S~N diagrams and are 
summarized in a table, together with the results of tensile strength and hardness 
determinations. Photomicrographs showing the structures of the heat-treated 
steels and of the two types of coatings are given. 

The endurance ratios (endurance limit : tensile strength) by the rotating beam 
method of test of the uncoated specimens varied from 0.38 to 0.70; by the axial 
loading method, from 0.31 to 0.59. 

The decrease in fatigue limit from that of the polished uncoated materials 
caused by the acid pickling was more marked in the quenched steels than in the 
annealed and the tempered steels. The decrease varied from 0 to 40 per cent. 

A still greater decrease, as much as 42.5 per cent, was caused by the presence of 
the hot-dipped galvanized coatings, The quenched and the tempered steels were 
affected. more adversely than the annealed steels. 

The fatigue limits of the zinc electroplated specimens were equal to or greater 
than those of the uncoated specimens. 

The difference in the effects of the two types of coating is believed to be caused 
by the differences in the nature of the bond between zinc and steel and differ- 
ences in the structure and hardness of the two coatings. 
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I. INTRODUCTION 


It is generally agreed that the character of the surface of a metal is 
an important factor in determining its resistance to repeated stresses. 
If an endurance limit is accepted as an intrinsic property of a metal, 
this limit is correctly determined only when smoothly polished speci- 
mens with generous fillets are used. The damaging effects of surface 

9 





10 Bureau of Standards Journal of Research [Vol. 9 


corrosion and of mechanically produced notches have formed the sub- 
ject of numerous investigations on ‘“‘fatigue of metals.’”’ The infor- 
mation gained from these investigations has shown the necessity for 
avoiding “notch effects’ in highly stressed members subjected to 
repeated stresses. Careful removal of tool marks, prétection from 
corrosion and use of adequate fillets at abrupt changes of section, aid 
materially in realizing in practice the normal endurance strength of 
metals. 

Metallic coatings are frequently used on iron and steel to protect 
against corrosion. It is a matter of considerable interest to know 
what effect such metallic coatings may have upon the fatigue limit of 
metals when damage by corrosion is not involved. From a mechan- 
ical standpoint the presence of a metallic coating on a specimen of iron 
or steel introduces factors which complicate this problem. There are 
two surfaces, the free surface of the coating and that of the underlying 
steel, the characteristics of which may influence the fatigue limit of 
the composite specimen. Another factor is the endurance strength of 
the coating itself. Very little is known about this property of the 
various protective metallic coatings in general use, but it is probably 
low in comparison with the endurance strength of steels. The nature 
of the bond or interface between coating and steel is believed to have 
a very important influence on the endurance properties of the com- 
posite specimen. The nature of the surface of the steel, the kind of 
coating and the manner in which it is applied largely determine the 
character of the bond between coating and steel. 

This investigation was restricted to a study of the effect of hot- 
dipped galvanized and electroplated zine coatings on the endurance 
properties of low carbon open hearth iron and two carbon steels. 


II. MATERIALS 


Zine coatings were chosen because they are the most commonly 
used protective metallic coatings on ordinary structural grades of 
iron and steel. Both hot-dipped galvanized and electroplated coat- 
ings were used because of the known difference in the nature of the 
bond between steel and zinc coating of these two types. Sherardized, 
‘“‘oalvannealed,” and sprayed zinc coatings were not studied. It is 
believed that the difference in the nature of the bond of hot-dipped 
galvanized coatings and sherardized or ‘‘galvannealed”’ coatings, and 
of electrodeposited coatings and sprayed zinc coatings, is one of degree 
rather than of kind. It is, of course, possible that each of the above- 
mentioned types of zinc coatings might affect the endurance proper- 
ties of a given steel to a different degree. 

The open-hearth iron and the two carbon steels were purchased 
from jobbers and were not specially made for this investigation. The 
chemical compositions of the three materials (ladle analyses) are 
given in Table 1. 


TABLE 1.—Chemical composition of steels 





Phos- 


phorus Sulphur | Silicon 


Carbon | Manga- 


| 
nese | 





Per cent | Per cent Per cent | Per cent | Per ceni 
Open-hearth iron 0. 02 3 | 0. 042 0. 005 

0.45 per cent C steel____-- . 45 . 60 015 . 040 
0.72 per cent C steel ‘ 72 31 -017 .019 
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FicurE 1.—WStructure of the carbon steels. Specimens were etched with nital 
(alcohol containing 2 per cent nitric acid). X* 450 


a, 0.45 per cent carbon steel, normalized at 875° C., annealed at 800° C.; 6, 0.45 per cent carbon steel, 
normalized at 875° C., annealed at 800° C., quenched in oil from 830° C; c, 0.45 per cent carbon steel, 
normalized at 875° C., annealed at 800° C., quenched in oil from 830° C., tempered at 595° C.; d, 0.72 
per cent carbon steel, normalized at 795° C., annealed at 765° C.; e, 0.72 per cent carbon steel, nor- 
malized at 795° C., annealed at 765° C., quenched in oil from 77: f, 0.72 per cent carbon steel, 
normalized at 795° C., annealed at 765° C., quenched in oil from 775° C., tempered at 450° C. 
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The open-hearth iron test specimens were machined from the center 
of 1-inch diameter hot-rolled bars and the specimens of the two carbon 
steels from the center of corresponding bars of three-quarter inch 
diameter. 

All of the specimens were carefully machined on a lathe and finish 
ground to size. They were then polished longitudinally until all 
traces of circumferential tool marks were eliminated with emery 
papers of successively finer grit, ending with 0000 paper. 

Endurance limits of the two carbon steels, coated and uncoated, 
were determined with the steels in the normalized and annealed 
condition, in the oil-quenched condition, and in the tempered condi- 
tion. The details of the heat treatments are given in Table 2. 

To minimize any decarburization effect, an atmosphere of illuminat- 
ing gas was maintained in the furnace during the heat treatments. 
As a further precaution the hardened specimens were machined over- 
size and a layer 0.005 inch thick was ground off the test length after 
the heat treatments. 

The open-hearth iron was used in the ‘‘as rolled” condition. The 
microstructures of the two carbon steels in the three conditions of 
heat treatment are shown in Figure 1. 


TABLE 2.—Heat treatment of carbon steels 


Temperature for— 


Annealing ? | Quenching 3 





Temper- 


Normaliz- | 
ing * 


ing! 





| 
| 
| | 
| 


0.45 per cent carbon steel: pee Ph oc eT ee 
07 875 1,472 
875 | 1,472 | 
empered 5 875 | 1,472 | 
0.72 per cent carbon steel: 
795 | 1,409 765 i $9le ook 
795 | 1,409 765 | 27 775 : 
795 1,409 765) 1, i 842 450 
} 


1 %-inch rods, heated with furnace, held 20 minutes, air cooled. 

3 %-inch rods, heated with furnace, held 40 minutes, cooled with furnace. 

3 Machined test bars, heated with furnace, held 20 minutes, quenched in oil. 

* Machined test bars, heated with furnace, held 60 minutes, cooled with furnace. 


The galvanized coatings were applied by the research division of 
the New Jersey Zinc Co. (of Pa.) by a method approximating com- 
mercial practice for hot-dip galvanizing. The specimens to be gal- 
vanized were first polished to the same degree as the specimens tested 
in the uncoated condition. They were then dipped in a hydrochloric 
acid solution (2 parts water to 1 part hydrochloric acid, specific 
gravity 1.19) for two minutes and immediately into the zine bath 
held at 440° C. (824° F.). A high-grade zinc (containing 99.94 + 
per cent Zn) was used. The weight of coating obtained varied from 
1.6 to 2.0 oz./ft.2 The galvanized coatings varied from 0.0017 to 
0.0035 inch in thickness. This variation in thickness was probably 
caused by the fact that some of the specimens had to be dipped more 
than once to obtain a complete coating. The length of time in the 
zine bath, accordingly, varied from 45 to 100 seconds. 

In order to distinguish between the effect of the acid pickling and 
the combined effect of pickling and galvanizing, fatigue tests were 
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made on specimens of each material which, after final polishing, had 
been dipped for two minutes into hydrochloric acid of the same 
strength used for the galvanized specimens. 

The specimens of the quenched 0.45 and 0.72 per cent carbon steels 
which were not galvanized were dipped into a lead bath for 45 seconds 
at 440° C. (824° F.) so that they had the same heat treatment as 
the corresponding hot-dipped galvanized specimens. A final polish 
with 0000 emery paper was given to the lead-dipped specimens before 
they were dipped into the acid or tested. 

The electroplated zinc coatings were applied at the Bureau of 
Standards.! The procedure was as follows: (a) cathode-electrolytic 
cleaning, two minutes, at 90° C.; (b) hot-water rinse; (c) cold-water 
rinse; (d) pickled in sulphuric acid (2 N), two minutes at 50° C.; 
(ec) hot-water rinse; (f) hot alkali dip without current, two minutes; 
(9) scrubbed with cleaning solution, bristle brush; and (h) plated in 
acid zinc bath, 24 minutes 1.5 amperes, 35° C. 

The electrolytic cleaner was made up as follows: Sodium carbonate, 
30 g per liter; trisodium phosphate, 30 g per liter; and sodium hydrox- 
ide, 7.5 g per liter. 

The zinc anodes for the electroplating process were of the same 
order of purity as the zinc used for the hot-dipped coatings. The 
thickness of the electrodeposited coatings varied from 0.0021 to 0.0931 
inch, which is roughly equivalent to a 2-ounce coating. 


III. TESTING PROCEDURE 


The endurance limit determinations were made by both the rotating 
beam and the axial loading methods of stressing. The rotating beam 
tests were made on R. R. Moore machines and the axial loading tests 
were made on Haigh alternating stress testing machines, in which 
the specimens were subjected to alternating equal tensile and com- 
pressive stresses. The form of the specimens, methods of calibration 
of the testing machines, and testing procedure followed have been 
described previously by one of the authors.’ 

Axial loading tests were not made on zinc-plated specimens as it 
was believed that the effect of the electrodeposited coating on the 
endurance limit determined by this method, would be of the same 
order as was found for the rotating beam tests. As a further economy 
in number of specimens, axial loading tests were not made on the 
0.45 and 0.72 per cent carbon steels in the quenched condition be- 
cause these steels are seldom used in this condition. Rotating beam 
tests of electroplated specimens of the 0.72 per cent carbon steels in 
the quenched condition and of the 0.45 per cent carbon steel in the 
annealed and in the quenched conditions were also omitted. 

Usually nine specimens were used in the determination of each 
endurance limit. One specimen of each series, except the pickled 
specimens, tested on the Moore machines was subjected to 25,000,000 
cycies of reversed stress at the endurance limit and then restressed 
at a value 5,000 lbs./in.? above the endurance limit. An annealed, a 
quenched, and a tempered specimen of the 0.45 per cent carbon steel 
and an annealed and a tempered specimen of the 0.72 per cent carbon 





1 The plating was done by the electrochemistry laboratory under the supervision of Dr. W. Blum. 
2k. D, France, Endurance Testing of Steel: Comparison of Results Obtained with Rotating-Beam 
versus Axially-Loaded Specimens, Proc., Am, Soc. Testing Materials, vol. 31, pt. 2, p. 176, 1931. 
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steel were stripped of their galvanized coatings, after which they 
were tested at a stress just under the fatigue limit determined on the 
acid-pickled specimens of the corresponding materials. 

The stresses applied to the acid pickled and the coated specimens 
were calculated on the diameter of the polished specimen before it was 
pickled or coated. The diameters were measured with a special micro- 
meter capable of a precision of plus or minus 0.0001 inch. The change 
in diameter caused by either the acid treatment alone or the acid 
treatment and the application of the zinc coating was in all cases less 
than 0.0002 inch. 

The tensile strengths of the three materials were determined on 
standard 0.505 inch diameter test bars, heat treated in the same way 
as the endurance specimens. Hardness determinations were made on 
the ends of the tensile and endurance test bars. 


IV. RESULTS 


The results of the fatigue limit determinations are given in Table 3, 
together with the tensile strength and hardness of the steels and the 
per cent change in fatigue limits caused by the pickling, by the pickling 
and galvanizing, and by the electroplating. The fatigue limits are also 
shown graphically in Figure 2. 

Conventional S—N diagrams for all of the fatigue limit determina- 
tions are given in Figures 3 to 9. 
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V. DISCUSSION 


The fatigue limits of the specimens that had been dipped in acid 
were lower than the fatigue limits of the polished uncoated specimens 
of the corresponding materials. The decrease was not uniform for 
the different materials but ranged from zero for the tempered 0.45 
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per cent carbon steel to 40 per cent for the quenched 0.72 per cent 
carbon steel. This result was clearly a manifestation of the ‘‘notch 
effect’’ caused by the acid treatment and was of the same nature as 
the corrosion effect which has been shown by McAdam (1, 2),° to 
have a pronounced infiuence on the endurance properties of metals. 


* The numbers in parentheses here and throughout the text refer to the papers listed in the selected bibli- 
ography appended to this paper. 


122486—32 2 
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The variations in the effect of the acid treatment on the fatigue 
limits are undoubtedly associated with different solubility rates of 
the materials in the three conditions of heat treatment. The differ- 
ence in the surface contours of the steel in different specimens of any 
one series was of about the same magnitude as the difference between 
the three series of specimens (acid pickled, galvanized, and electro- 
plated). Figure 10 shows, in longitudinal section, typical surface 
contours of the steel of the specimens after the various treatments. 

The decrease in fatigue limit resulting from the acid treatment 
was much greater for the quenched carbon steels than for the an- 
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Figure 3.—S-N diagrams for fatigue tests of 0.02 per cent carbon open- 
hearth tron 
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nealed or tempered steels. This is in accord with the generally 
accepted idea that a hard steel with low ductility is more susceptible 
to notch effects than a softer and more ductile steel. 

There was a marked decrease in the fatigue limit of the galvanized 
materials as determined by the rotating-beam method except for the 
open-hearth iron, for which there was little if any difference (4.0 per 
cent). For the carbon steels the decrease ranged from 13 to 42.5 per 
cent, and was greater for the quenched and the tempered steels than 
for the annealed steels. By the axial loading method of test the 
decrease for the open-hearth iron was 13.5 per cent and for the carbon 
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steels the decrease was much greater in the tempered steels than in 
the annealed steels. 

Except for the open-hearth iron and the quenched 0.72 per cent 
carbon steel, the decrease in fatigue limit was greater for the gal- 
vanized than for the acid-pickled material. It might be considered 
that this further decrease was caused by an increased pitting or 
notch effect on the surface of the steel by the action of the zinc in 
the galvanizing process. That this was not the only cause is indi- 
cated by the fact that galvanized specimens of the annealed and the 
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Figure 4.—S-N diagrams for fatigue tests of 0.45 per cent carbon steel, 
annealed 


quenched 0.45 per cent carbon steels, and of the annealed 0.72 per 
cent carbon steels, when stripped of the zinc coating‘ did not fail in 
10,000,000 cycles in the rotating beam machines at stresses just under 
the fatigue limits of the acid-pickled materials. The stripped speci- 
men of the tempered 0.45 per cent carbon steel failed after 3,500,000 
cycles which indicated that its fatigue limit was not much lower than 
the stress at which it failed. The stripped specimen of the tempered 
0.72 per cent carbon steel failed after 300,000 cycles, but at a stress 
32,000 lbs. /in.? higher than the fatigue limit of the galvanized material. 

Hence it is believed that the conclusion is warranted that the 
presence of a hot-dip galvanized coating wauses a serious lowering 





4 The zinc coatings were dissolved in hydrochloric acid (specific gravity 1.19) containing 1 m] of antimony 
See eee (32 g of SbCl; in 1,000 m] HCl (specific gravity 1.19)] to 100 ml of acid. A.S.T. M. spectfi- 
cation 3 
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of the fatigue limit of carbon steels below that which would be ob- 
tained in the same steels in the polished but uncoated condition. 
A similar conclusion can be drawn from the results of investigations 
by Harvey (3, 4), Haigh (5), and Fuller (6) of the protection against 
corrosion fatigue afforded to steels by galvanized or other types of 
metallic coatings. Although their results showed that the endur- 
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Figure 5.—S-N diagrams for fatigue tests on 0.45 per ceni carbon steel, 
quenched 
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ance properties of the coated metals were definitely better than for 
the uncoated metals, when subjected to simultaneous stress and cor- 
rosion, the corrosion-fatigue limits of the galvanized materials were 
at the same time lower than the endurance limits of the uncoated 
materials not subjected to corrosion. 

In marked contrast to the lower fatigue limit of the galvanized 
specimens, the fatigue limits of the zinc-plated specimens of the softer 
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steels were equal to those of the corresponding uncoated specimens. 
The fatigue limits of the zinc-plated specimens of the tempered steels 
were higher than those of the corresponding uncoated specimens by 
5.5 per cent for the medium carbon and 11 per cent for the higher 
carbon steel. 
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FiGcurE 6.—S-—N diagrams for fatigue tests on 0.45 per cent carbon steel, tempered 


Both the hot-dip galvanized and the electroplated specimens had 
been subjected to comparable acid treatments before the coatings 
were wpalic: Furthermore, the steels of each series were identical 
in composition and had received the same heat treatments. Hence 
any differences in fatigue properties of thefgalvanized andfelectro- 
plated specimens of the same series can not be ascribed to differences 
in the steels themselves, particularly to any suspected differences in 





20 Bureau of Standards Journal of Research [Vol. 9 


rate of notch propagation. It is believed that the increased fatigue 
limits of the electroplated coatings were not the result of a strength- 
ening effect of the zinc coating. Numerous cracks were found in 
both types of coatings in the more highly stressed portions of the 
specimens after they were removed from the testing machines. 
This indicates that the maximum fiber stresses in the coatings were 
above their endurance limits. It is reasonable to expect that the 
endurance strength of the galvanized coating was higher than that 
of the electrodeposited zinc. Consequently any strengthening effect 
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Figure 7.—S-—N diagrams for fatigue tests on 0.72 per cent carbon steel, annealed 








































































































from the coating would be expected to be derived from the galvan- 
ized rather than from the electrodeposited coating. 

The two types of coating are different in many respects. The 
electrodeposited coatings, as would be expected, were homogeneous 
throughout. The bond between zinc and steel may have been a 
“molecular bond,” but at the interface there was little, if any, dif- 
fusion of iron into the zinc. Figure 11 (a) shows a typical cross 
section of the electroplated steel specimen. 

The structure of hot-dipped galvanized coatings on steel has been 
studied by a number of investigators (7, 8, 9). Without going into 
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a detailed discussion of the composition of the layers it suffices at 
this time to state that the galvanized coatings on the specimens used 
in this investigation consisted of at least three layers. The outer 
layer was predominantly pure zinc, the innermost layer consisted 
largely of the more or less well-known iron-zine intermetallic com- 
pounds. The intermediate layer consisted largely of intermetallic 
compound or compounds interspersed in a zinc matrix. On the 
annealed steel and the open-hearth iron specimens the intermediate 
layer was relatively much thicker than the innermost layer, whereas, 
on the quenched and on the tempered steels the thickness of the 
innermost layer approached that of the intermediate layer. 





135; 


UNCOAT ROTATING 
PICKLE 
RALvaNt BEAM 





Ww 
°o 





~~ 
wm 











@ 
°o 




















z 
fo] 
” 
a 
uJ 
a. 
v) 
a 
ah 
5 85 
° 
4 
‘ 
” 
”) 
rm) 
a 
Kk 
” 


~ 
5) 




















































































































10° 10’ 10° 
CYCLES FOR FAILURE 


FiauRE 8.—S-—N diagrams for fatigue tests on 0.72 per cent carbon steel, quenched 


Micrographs (c) and (d) Figure 11 show in cross-section the gal- 
vanized coatings on an annealed and on a quenched 0.45 per cent 
carbon steel. The difference in thickness of the inner, iron rich, 
layers is marked. Possibly a difference in solubility in zine of the 
heat-treated steel, and the annealed steel or open-hearth iron is 
responsible for the difference in thickness of the alloy layers. 

The scratch hardness of the two types of coating indicated that the 
outer layer of the galvanized coatings was of the same order of hard- 
ness as the electrodeposited coatings. The intermediate and inner- 
most layers of the galvanized coatings were increasingly harder as 
the steel surface was approached. This is illustrated in the micro- 
graphs (e) and (f) of Figure 11. The alloy layer adjacent to the steel 
(e) appears to be even harder than the steel itself. 

As stated before, there were numerous cracks in both types of 
coating of the tested specimens. In the electrodeposited coatings 
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CYCLES FOR FAILURE 


FIGURE 9.—S-—N diagrams for fatigue tests on 0.72 per cent carbon steel, tempered 
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FicurE 10.—Typical contours of the steel surface of speci- 
mens unetched. X 450 
a, Polished; 6, polished and then acid pickled; c, polished, acid pickled, 


and then galvanized; d, polished, acid pickled, galvanized, and then 
stripped; and e¢, polished and then electroplated. 
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FicureE 11 


a, Structure of electrodeposited zinc coating on 0.72 per cent carbon steel, annealed; 6, crack in gal 
vanized coating extending into steel, 0.45 per cent carbon, annealed; c, structure of galvanized coat 
ing on 0.45 per cent carbon steel, annealed. Note the relatively thick intermediate layer, the thin 
innermost layer, and the light colored outer layer of relatively pure zinc; d, galvanized coating on 
0.45 per cent carbon steel tempered. Note the thickness of the inner, hard, brittle layer adjacent 
to the hardened steel as compared with the thin layer of similar composition next to the softer 
steel of photograph c; e, scratch made with Bierbaum microcharacter across galvanized coating on 
tempered 0.45 per cent carbon steel. Note differences in width of scratch in the outer zinc layer 
and the intermediate and innermost iron-zinc alloy layers. Note that the innermost alloy layer 
appears to be harder than the steel; /, scratch made with Bierbaum microcharacter across elec 
trodeposited zinc coating on tempered 0.72 per cent carbon steel. Discontinuity of scratch between 
zinc and steel was caused by difference in elevation between zinc and steel. Etched with chromic 
acid solution containing sodium sulphate (20 g CrO3,1.5g Na2SO«,in 100ml H2O). 275. Arrow 
indicate steel base 
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the cracks were irregular (a) Figure 11, and appeared to be inter- 
granular. In the galvanized coatings there were many more cracks 
in the intermediate and innermost layers than in the outer layer. 
May of the cracks appeared to have started in the layer adjacent to 
the steel and to have progressed toward the outer surface, and in 
some instances the surface was not quite reached. In many instances 
the cracks undoubtedly originated at the surface and progressed 
inwardly toward the steel. 

Of the broken specimens which were sectioned for examination 
under the microscope, two were found in which there was a crack in 
the steel which was a continuation of a crack in the innermost layer 
of the galvanized coatings. One of these is shown in (b) Figure 11. 
Although there were many cracks in the galvanized coatings, the 
evidence indicated that only a few had advanced into the steel. The 
probability is that none of the cracks in the electrodeposited coatings 
had extended into the steel, and that the cracks which caused failure 
of the electroplated specimens in the fatigue test originated in the 
steel itself. 

The explanation of the lower fatigue limits of the galvanized 
specimens as compared with the uncoated or electroplated specimens 
is believed to lie: (a) In the difference in the stress conditions at the 
bottom of a crack in the inner, relatively hard, layers of the galva- 
nized coating and those in a similar crack in the softer electrodeposited 
zinc; and (6) in the difference in the nature of the bond between zinc 
and steel in the two types of coatings. 

It has been shown (10) that in relatively soft and ductile metals 
subjected to repeated stresses, slip lines form either previously to, or 
subsequently to, the appearance of cracks and that the cracks advance 
in the direction of the slip lines. The slip lines are an indication of 
plastic deformation under an applied stress which decreases when the 
deformation occurs. It is believed that the zinc of the electrode- 
posited coatings had sufficient ductility to deform around the bottom 
of an advancing crack, and that the resulting decrease in stress con- 
centration when the crack had advanced to the steel was sufficient 
to stop the crack at that point. The discontinuity between zinc and 
steel was an additional aid in halting further advance of the crack. 
Consequently, the normal endurance limit of the steel was attained. 

In the case of the galvanized specimens, a crack advancing into the 
relatively hard and very brittle inner layers did not meet with any 
conditions conducive to a decrease of stress concentration. The 
crack progressed to the outer steel fibers with undiminished stress. 
The intimate bond between coating and steel offered no obstacle 
to the advance of the crack into the steel. Naturally not every crack 
produced in the coating in the course of the fatigue test penetrated 
into the steel. A fortuitous combination of maximum stress concen- 
tration and conditions at the surface of the steel most favorable to 
the propagation of the stress, determined the location of the crack 
which led to failure of the specimen. Consequently since the pres- 
ence of a hot-dipped galvanized coating promotes stress concentra- 
tions, the fatigue limit of such a coated specimen was appreciably 
lower than the normal endurance limit of the steels. 

The data obtained on the specimens which were restressed at 5,000 
lbs./in.2 above the fatigue limit, after they had been subjected to 
25,000,000 cycles of stress at the fatigue limit, indicated that only the 
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quenched and the tempered steels were appreciably strengthened by 
the previous understressing. All of the annealed carbon steel and 
open-hearth iron specimens tested failed to ‘‘run”’ at the higher stress. 
The 0.72 per cent carbon steel specimen, uncoated and the two electro- 
plated specimens of the 0.72 and the 0.45 per cent carbon steel, in 
the tempered condition, also failed to run. 

The interesting observation was made that distinct spangles were 
developed on the surface of the zinc of the galvanized specimens 
shortly after they were placed in operation in the rotating beam 
machines. 
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POWER INPUT AND DISSIPATION IN THE POSITIVE 
COLUMN OF A CASIUM DISCHARGE 


By F. L. Mohler 


ABSTRACT 


The power input per centimeter is equal to the voltage gradient times the 
current. Two recognized sources of power dissipation are the recombination of 
ions on the tube walls and the atomic radiation. 

The voltage gradient is measured between two probes at the axis of the dis- 
charge tube. The flow of ions to the walls is measured by a disk probe at the 
wall. The recombination energy is the kinetic energies of the ions and electrons, 
which can be evaluated from the probe current-voltage curves, plus the ionization 
energy. 

The total radiation was measured by a thermopile while transmission correc- 
tions were determined by a photo-electric cell. The first doublet of the principal 
series at 8,521 and 8,944 A contributes most of the radiation. 

Results show that with low currents and pressures the radiation and recom- 
bination losses account for nearly the entire power input. With increasing cur- 
rents and pressures there is an increasing balance of power which is unaccounted 
for. All the power terms change very slowly with pressure. The recombination 
loss is negligible at low currents and the most important factor at high currents. 


CONTENTS 
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I. INTRODUCTION 


Conditions in the positive column are determined by the nature 
of the gas in the tube, the density of the gas, the size of the tube and 
the current. This applies to all types of direct current discharge; 
cold cathode glow discharges, thermionic discharges and arcs when 
they operate under current and pressure conditions in which a true 
column exists. In the uniform or unstriated column the voltage 
gradient, electron and ion concentrations, electron speed, and, in- 
deed, all the dependent variables remain nearly constant along the 
length of the column. For this reason it is the simplest part of the 
discharge to study, and it should be the simplest to understand though 
there is no general theory relating all dependent and independent 
variables.! 

The power input per centimeter of a uniform column is equal to 
the voltage gradient times the current, and it follows from the nature 
of the column that the power dissipated in each element of length 
is equal to the input. The dissipation of power appears as heating 
of the tube walls, either directly or by conduction and radiation from 





1 Tonks and Langmuir, Phys. Rev., vol. 34, p. 876, 1929. 
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the gas, and as selective radiation of the atoms which is transmitted 
by the tube walls. The general statement is made in the Handbuch 
der Physik that the total radiation is a small fraction of the power 
input, but the experiments cited deal with gases which have their 
strongest radiation in the far ultra-violet and this is completely ab- 
sorbed by the tube walls. Thus Crew and Hulburt ? find that the 
total radiation emitted by a hydrogen ‘discharge is about 1 per cent 
of the input, but they point out that about nine times the observed 
radiation is in the first Lyman line alone. 

The alkali vapor spectra are the only spectra in which all the strong 
lines are transmitted by glass. The possibility of obtaining a high 
radiant efficiency is utilized in the Osram sodium lamp.’ Under 
normal operating conditions (current density 1 amp. per cm’) the 
lamp radiates about 9 per cent of the power input. This radiation is 
tiedieninatir D lines and the luminous efficiency is probably higher 
than any other light source, though the figure for radiation efficiency 
is certainly not impressive. The fact is that the lamp has to be over- 
loaded to a point of low efficiency to maintain a high tube tempera- 
ture and vaporize the sodium. With one-tenth of the normal current 
and external heating a radiation efficiency of 70 per cent is observed. 

There is no published work in which radiation measurements have 
been combined with detailed electrical measurements in the study 
of a discharge. Other phases of power dissipation have been treated 
by Langmuir and his associates in their comprehensive theoretical 
and experimental® studies of the mercury positive column. An 
important factor is the flow of ions to the walls and their recombina- 
tion on the walls. The fraction of the power dissipated in this way 
depends on the current and is small for low currents. Elastic col- 
lisions between electrons and atoms will give some energy to the 
atoms, but Killian has evaluated this loss and finds it negligibly 
small for the mercury arc. He concludes that power dissipated in 
inelastic collisions between electrons and atoms and radiated by the 
atoms must account for the balance of the power loss not accounted 
for by recombination on the walls. The conclusion seems entirely 
reasonable, though there is a possibility that the excited atoms dissi- 
pate some energy by collisions with normal atoms. The probability 
of dissipation of energy by collision (quenching) during the life of an 
excited state is undoubtedly small under most discharge conditions; 
but since the resonance radiation is very strongly absorbed, the radi- 
ation diffuses slowly through the gas by repeated absorption and emis- 
sion. For this reason the small probability of quenching during the 
radiation life must be multiplied by a large and unknown factor to 
give the probability of quenching during the diffusion time. 

This paper reports measurements of power input, radiation loss, 
and wall recombination loss in the positive column of a caesium 
discharge. Tubes of one diameter 1.8 cm have been used, and the 
effect of the two remaining independent variables, vapor density, and 
current, have been studied. This work has been done in conjunc- 
tion with a study of collision processes in the positive column which 
will be reported in another paper. 





? Crew and Hulburt, Phys. Rev., vol. 29, p. 843, 1927. 

’ Kreft, Pirani, and Rompe, Tech. Wissenschaft Abhandl aus dem Osram Konzern, vol 2, p. 24, 1931. 

‘ Tonks and Langmuir, General Theory of the Plasma of an Arc, Phys. Rev., vol. 34, p. 876, 1929. 

$ ag ana Positive Column of an Electric Discharge in Mercury Vapor, Phys. Rev., vol. 36, 
p. 1238, 1930. 
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II. ELECTRICAL MEASUREMENTS 


Figure 1 illustrates the type of discharge tube used. A thermionic 
discharge from an oxide-coated platinum strip cathode was employed. 
Vapor pressure was controlled by a separate heater around the side 
tube containing the cesium. Tubes were outgassed by baking and 
by running a discharge for four or five hours before sealing off from 
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Figure 1.—Discharge tube used in making power input and dissipation 
measurements 


The voltage gradient was measured between two small probes 
near the axis of the tube and 12 cm apart. For the lower pressure 
and current conditions the probes were platinum wires 0.4 mm in 
diameter and 2mm long. For the higher currents the platinum wires 
were cut off flush with the insulating tube. In cesium vapor diffi- 
culty is encountered from leakage over the insulating surfaces, and 
this was greatly reduced by avoiding a close fit between the insulat- 
ing tube and the wire. Melting off of the small probes by the striking 
of an arc was a source of trouble. If a probe is too large the current 
may rise to a destructive value even at potentials negative to the 
space potential. The random space current becomes so large that 
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an electrode less than 0.01 cm? in area may rob the discharge and 
suddenly become the anode. The ion current to the walls was 
measured by a disk of platinum 1 cm in diameter which was bent to 
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-013 mm 
22A 1A 


fit against the wall. 
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Ficure 2.—Log current voltage curves for the two small probes at the axis of 
the tube and 12 cm apart 


Vertical dashes mark the potentials of zero current. 
Figure 2 gives plots of the log of the electron current to the small 


probes versus potential relative to the anode for several typical condi- 
tions. The plots are accurately linear for all conditions. The slope 
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of the left branch measures the electron energy; the intersection of 
the two branches measures the space potential. The slepes as meas- 
ured by the two probes are equal within experimental error. The 
electron current to the disk also rises at the same rate, showing that 
the electron energy is the same at the center and at the wall. This 
has been shown before by Killian.® 

The voltage difference between the probes can be obtained from 
the difference between the space potentials, or since the curves are 
parallel, it can be measured between the potentials of zero current. 
The two intervals agree within about 0.1 volt, while the difference is 
several volts. This difference, divided by 12 and multiplied by the 
current, gives the input in watts per centimeter of the column. 

The power dissipated by flow of ions to the tube walls is equal to 
the ion current in amperes times the sum of the ionization potential 
(3.9 volts) plus the potential drop through which the ions fall, plus 
the energy in electron volts of the electrons. The leakage to the disk 
at negative potentials was always measurable, but in general small 
enough so that an extrapolation of the current voltage curve to the 
wall potential should involve no serious error. This current multiplied 
by the geometrical factor, 7.2, gives the ion current to 1 cm of the 
tube. The assumption that the current, corrected for leakage, 
measures pure ion current requires some justification. In many dis- 
charges the electron emission from negative electrodes is an important 
part of the current. This emission comes from photo-electric effect 
and from collision of excited atoms with the metal surface and in either 
case depends on whether the energy of the excited states is greater 
than the work function of the metal. The energy of the cesium 
resonance state is 1.45 electron volts. Ives and Olpin’ find that the 
minimum work function of a pure metal surface in cesium is about 
equal to this, while the results of Boeckner and the author * on probe 
radiation indicate that platinum probes in a cesium discharge have a 
high work function compared to other metals (well above 2 volts, but 
not measured). The consistency of the present measurements of 
power input and loss gives further evidence that no serious error has 
been made in interpreting the current at negative potentials as an 
ion current. 

In the discharge space the random electron current is about a 
thousand times the ion current, and the insulating wall must take up 
a potential which draws the full ion current to it and limits the electron 
current to an equal value. The potential difference is limited to a 
thin sheath a fraction of a millimeter thick over the surface of the tube. 
There is also a small potential difference in the same direction between 
the space potential near the wall and at the center of the tube. Since 
the electrons have a Maxwell distribution of velocity, the small frac- 
tion of fast electrons which pass through the retarding field will reach 
the wall with the same distribution of velocity as the electrons in the 
field free space. The contribution of the electorn kinetic energy in 
electron volts (0.2 to 0.3 volt) is obtained from the semilog. plot. 


Vo = (V2 — Vi) /(nd, “ InI2) 


A rigorous measurement of the potential through which the ions fall 


6 Killian, Phys. Rev., vol. 35, p. 1238, 1930. 
‘Ives and Olpin, Phys. Rev., vol. 34, p. 117, 1929. 
§ Mohler and Boeckner, B. 8S. Jour. Research, vol. 7, p. 751, 1931. 
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would require a small probe at the wall which could be brought to the 
space potential. (The disk is much too big for this.) Then the dif- 
ference between the potential of zero current and the space potential 
would give the potential drop in the sheath (about 2 volts). The 
average ion also falls through a potential drop somewhat less than 
the difference in space potentials near the walls and at the center of 
the tube, a matter of a few tenths of a volt. From a consideration of 
Killian’s measurements it was evident that the difference between 
the space potential and potential of zero current at the center of the 
the tube was slightly larger than the potential drop across the wall 
sheath and less than the drop between the center of the tube and the 
wall. The error in using this potential drop instead of the true poten- 
tial difference can only be 0.1 or 0.2 volt; and as the recombination 
energy is 6 or 7 electron volts, the use of another probe at the wall 
seemed unnecessary. 


III. RADIATION MEASUREMENTS 


The predominant lines in an alkali metal spectrum are the first 
doublet in the principal series, and in cesium these lines fall in the 
near infra-red at 8,521 and 8,944 A. Nearly all other lines fall in a 
range transmitted by glass and water except the first doublet of the 
diffuse series near 36,000 and 35,000 A. As the tube is operated in a 
furnace at 250° to 300° C., the use of a water cell in making thermopile 
measurements was unavoidable and this far infra-red doublet was 
completely filtered out. The G. E. cesium-oxygen-silver photo- 
electric cell is very sensitive to the resonance lines, and it was useful 
in evaluating the transmission of the water cell, tube walls, etc. A 
disk thermopile 0.5 cm in diameter was used. 

The procedure was as follows: The thermopile was calibrated 
without the water cell or any window against a radiation standard. 
It was then exposed through a water cell and furnace window to the 
cesium radiation from the full width and a 10 cm length of the positive 
column. The galvanometer deflection of 3 or 4 cm could be measured 
with sufficient precision by averaging many observations. It was 
inconveniently small for routine measurements, so the deflection of 
the direct radiation was compared with the deflection produced when 
the radiation from a 1 cm length of the tube was focused by a short 
focus lens so that the entire image fell on the thermopile. The trans- 
mission of the tube wall, furnace window, and water cell for the 
cesium radiation were measured by the photo-electric cell. It was 
assumed that the radiation from the discharge was equal in all 
directions. Two independent calibrations before and after the series 
of experiments gave values of 2.13 xX 10—? and 2.18 x 10—? watts per 
centimeter galvanometer deflection per centimeter of the column for 
the total radiation. 

An experiment was made on the absorption of the cesium radiation 
by a 4 cm cell of cesium vapor. With the discharge vapor pressure 
0.004 mm, the cell containing vapor at about ten times that pressure 
reduced the photo-electric effect to less than one-tenth. As the vapor 
is perfectly transparent to all lines except the principal series lines, 
this shows that most of the energy is in the resonance lines. Photo- 
graphs of the spectrum indicate that these lines remain predominant 
at all pressures. Radiation measurements were made before and after 





Mohler] The Positive Column of a Cxsium Discharge 31 


a series of electrical measurements with no evidence of any error 
appreciable in comparison with the electrical measurements or with 
the error in optical adjustments when tubes were changed. 


IV. RESULTS 


Discharges operated with a voltage drop ranging from 5 to 15 volts. 
It was found that a large change in the battery voltage with a com- 
pensating change in the series 
resistance to give equal cur- P 
rent did not change the ra- 
diation by 0.1 per cent. Also 
a change in the voltage drop 
in the tube produced by 
changing the cathode tem- 
perature had no effect. Cur- 
rents ranged from 0.15 to 4 
amperes; pressures from 0.001 
to0.3mm. The low pressure 
limit was set by the dark 
space approaching the probe 
nearest the cathode. 

Figures 3 and 4 show the 
power input; P, the power 
dissipated by recombination ; 
W, the radiation; R, and P-W 
as functions of the pressure 
and the current. With cur- 
rents of 0.2 amp. practically 
all the power input is radi- 
ated. With currents of 1 
amp. or less and pressures 
less than 0.03 mm, P-W is 
nearly equal to R; that is, 
the power input is nearly all 
accounted for. The mean 
value for all measurements 
in this range gives 
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R/(P-W) = 0.95 + 0.04 


Where 0.04 is the mean error 
and does not include the 
calibration error. With in- 
creasing current and pressure 
there is a rapidly increasing 
difference between P-W and 
R. A plot of this unex- CURRENT IN A 

plained residual is given asa FyGguRE 3—Power terms as a function of current 
function of the current for 
various pressures in Figure 
). Up to 0.013 mm the residual is independent of the pressure, but 
above this point increases roughly in proportion to the pressure. 
The experimental uncertainty is relatively large for this residual. 
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(P, input; W, recombination; R, radiation.) 
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V. CONCLUSIONS 


Little can be said as yet about the factors determining the form of 
the curves of Figures 3, 4, and 5. With increasing current the gradi- 
ent at first decreases and then increases and correspondingly the input 
curve of Figure 3 changes. The rapid increase at higher currents 
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FicurE 4.—Power terms as a function of the log of the pressure in microns 


comes in part from the recombination loss and in part from the 
unknown residual. The variation in recombination loss, W, depends 
largely on the ion current, for the energy per ion changes very slowly. 
The ion current is roughly proportional to the electron concentration. 
The striking feature of Figure 4 is the very slow variation of all power 
terms with pressure. The measurements cover a 300-fold range of 
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pressure, and over half of this range the variation is scarcely more 
than the experimental error. An appreciable variation is evident 
with high pressures and high currents, and the unknown residual 
effect is an important factor in this. The fact that there is an unex- 
plained balance in the power equation is not surprising. We have 
mentioned in the introduction several other sources of power loss; 
the unmeasured far infra-red radiation, the dissipation of energy by 
elastic collisions, and the quenching of resonance radiation by inter- 
atomic collisions, and there are undoubtedly other possibilities. 
The evidence is as yet insufficient to choose between them. It is 
reassuring to find that over a considerable range the power loss is 
predominantly radiation of the resonance lines and recombination on 
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Figure 5.—Balance of the power loss not accounted for by 


recombination and radiation (P-W-R) as a function of 
the current 





the walls. It suggests that an approximate theory can be developed 
which considers production of ions and of the first excited state exclu- 
sively and that other phenomena can be treated independently. In 
this connection it is of interest to note that the visible spectrum of 
cesium involving higher excited states shows large variations in 
intensity and intensity distribution in contrast to the very gradual 
change of the total radiation which is largely resonance radiation. 

The published figures on the radiation efficiency of the Osram 
sodium lamp referred to in the introduction are consistent with our 
results, though the data refer to the entire discharge rather than the 
positive column, so that the values are lower. The cesium positive 
column, with a current density of 1 amp. per cm? at low pressure, 
radiates 28 per cent of the power and at 0.1 amp. per cm’ the radiation 
is 96 per cent as compared with the overall efficiencies of 9 and 70 per 
cent for the sodium discharge. Evidently the alkali discharges are 
qualitatively similar in their characteristics. 

Alkali vapor discharges of the type used in this work may have 
useful applications as sources of intense monochromatic radiation. 
The intensity of this radiation is insensitive to pressure and current 
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variations, so that a very accurate control of intensity is possible. 
The fact that the efficiency of production of radiation can be made 
almost unity is of little practical value, since the high efficiency is 
attained only by keeping the power input and brightness low. 


WasHinoTon, April 11, 1932. 
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THERMAL EXPANSION OF SOME SILICATES OF ELE- 
MENTS IN GROUP II OF THE PERIODIC SYSTEM 


By R. F. Geller and Herbert Insley 


ABSTRACT 


A ceramic body having the unusually low-average coefficient of linear thermal 
expansion of 0.53 10-* in the range 0° to 200° C., reported by W. M. Cohn, 
was investigated, and it was found that this material is composed essentially 
of the mineral cordierite. The investigation was amplified to include thermal 
expansion determinations for some compounds of other elements in Group II 
of the periodic system. The data obtained indicate that zine orthosilicate, 
celsian and beryl appear worthy of consideration by those interested in the develop- 
ment of bodies having low coefficients of thermal expansion. 
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I, INTRODUCTION 


A ceramic body having the unusually low coefficient of linear therma. 
expansion of 0.53 10~* in the temperature range 0° to 200°! has 
been reported by W. M. Cohn.’ Science and industry are searching 
continually for compositions of low thermal dilatation, and applica- 
tions of otherwise satisfactory materials may be hindered by their 
comparatively large volume changes when heated and cooled. For 
this reason, the ceramic body reported by Cohn is of particular 
interest. 

The present report contains the results of a short study in which 
Cohn’s findings are duplicated. The study was amplified to include 
linear thermal expansion determinations for some silicates of other 
elements in Group II of the Periodic Table. 


II. MATERIALS AND METHODS 


The specimens of series A (Table 1) were made of a body com- 
posed of 43 per cent tale (approximately 95 per cent 3MgO-4SiQ,. 
H,O), 35 per cent Florida kaolin (93 to 95 per cent kaolinite), and 
22 per cent electric furnace corundum (99 per cent Al,Q;) on sieved 

i 


through a No. 200 sieve. This body was intended as a duplicate of 





‘ Temperatures are given in °C., throughout this report. 
’ Ber. der Deut. Ker. Gesell., vol. 10, p. 271, June, 1929, and vol. 11, p. 62, February, 1930, and Ann. Physik, 
Vol. 4, p. 493, 1930. 
35 
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re body described by Singer* as typical of those investigated by 
John. 

The specimens of series B (Table 1) were made of a body composed 
of 39.5 per cent talc, 47.2 per cent Georgia kaolin (96 to 98 per cent 
kaolinite), and 13.3 per cent anhydrous Al,O; obtained by heating 
reagent quality aluminum nitrate. 

The specimens of series C (Table 1) were made of a wet ground 
mixture of 24 per cent of reagent quality basic magnesium carbonate 
(Mg(OH),-(MgCOs)4), 45 per cent of potters’ flint less than 10y in 
size, and 31 per cent of Al,O; obtained as described for series B. 

No attempt was made to produce specimens containing only one 
crystal phase. Specimens containing a minimum of 90 per cent of 
the crystalline compound investigated, as determined by petrographic 
examination, were considered of sufficient purity to establish the 
approximate thermal expansion of that compound. 

Unless otherwise stated, the various heat treatments described in 
Tables 1 and 2 and in the text were made in electrically heated 
furnaces, the resistors being 80 per cent platinum-20 per cent rhodium 
wire. 

Expansion determinations were made by the interferometer 
method.* The specimens of series A and B (Table 1) were molded 
and heated in the form of disks about 2 cm in diameter, 0.3 cm in 
thickness, and with a hole through the center about 0.7 cm in diameter. 
Three small cones or “‘feet”’ protruded from opposite points on each 
side. The over-all height varied between 0.50 and 0.75 cm. Irregu- 
larly shaped pieces, approximately pyramidal in form and from 
0.50 to 0.75 cm in height, were used for expansion determinations 
of the other materials investigated; three such pieces were used for 
each determination. The rate of temperature change during both 
heating and cooling tests did not as a rule exceed 3° per minute, and 
for most eof the tests was maintained a at from Ly to 2° Per, minute. 


3 Ber. der Deut. Ker. Gesell., vol. 10, p. 269, June, 1929. 
‘Fizeau, Ann. d. Phys., vol. 128, p. 564, 1366. C. G. Peters and C. H. Cragoe, B. 8. Sci. Paper No. 393, 
1920. G. E. Merritt, B. $. Sci, Paper No. 485, 1924, 
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TABLE 3.—Values indicating reproducibility of results 
Values given are the total expansion in uw per meter from room temperature to to 
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1 Duplicate specimens. 










The reproducibility of results is indicated by the data in Table 3. 


III. RESULTS 
1. CORDIERITE 









The first expansion determinations were made on specimens of 
body A. Results are summarized in Table 1 and shown graphically 
in Figure 1. Since cordierite (2MgO-2<A],0;-5Si0,)° was the pre- 
dominant phase in all of the specimens of the A series, the next 
series (B and C, Table 1) were prepared of mixtures in the proper 
proportions to produce this compound. However, in no case did 
the product contain more than approximately 90 to 95 per cent of 
cordierite. When heated at about 1,350° the principal impurities 
in the tale bodies (A-3, Table 1) were corundum (Al],O,) and forster- 
ite (2MgO.Si0,), while heating at higher temperatures for long 
periods of time (B—2a) evidently produced some decomposition o! 
the ternary compound with the resultant formation of small amounts 
of spinel (MgO- Al,O;) and mullite (3Al,0;-2Si0.). Prolonged heat- 
ing of the specimens of series C also promoted the growth of bundles 
of fibrous crystals, apparently mullite, which originated from minute 
rounded grains of corundum. 

Thermal expansions of the minor constitutents (forsterite, spinel, 
corundum, and mullite) were determined by test or taken from values 
given in the literature (Table 2). Their expansions are all consider- 
ably higher than the expansions of the specimens which are composed 
predominantly of ‘‘cordierite’’ (as distinguished from the ‘‘unstable” 
forms of 2MgO- 2Al1,0;-5SiO, by refractive indices and other optical 
properties) ° and there was no indication of contraction during heating 
below 100° for these materials. It is believed that the low expan- 
sions observed are characteristic of bodies composed essentially 
of cordierite. 























5G. A. Rankin and H. E. Merwin, Am. J. of Sci., vol. 45, p. 301, 1918. E, A. Wulfing and L. Oppen 
heimer, Ber. der Heid]. Akad. der Wissen, No. 10, 1914. 
6 See footnote 5. 
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The difference in expansion of specimens A-3 and C-1 (Table 1); 
both of which contain about 90 per cent cordierite, can not be ex. 
plained satisfactorily as due to the effect of the impurities alone. 
That there may be undetermined differences in the crystal structure 
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Figure 1.—Thermal expansion curves for cordierite specimens of series A 
heated at 1,850° C. for one hour (A-1), 16 hours (A-15), and for 3 days (A-3) 


or composition of the cordierite is indicated by Rankin and Merwin,’ 
who have observed considerable difference in indices of refraction 
of the cordierite from samples which appear optically homogeneous, 


q but which vary somewhat in composition. This they attribute to 


solid solution of SiO, in the cordierite. Slight difference in the indices 


’ See footnote 5, p. 40. 
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of refraction were observed in some of the samples of cordierite 
used in this investigation, as is evidenced by B—2a and C-3. 

The “unstable” form (C-5) withthe composition 2MgO-2Al1,0,-5Si0, 
was obtained by the method used by Rankin and Merwin;® that is, 
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Figure 2.—Thermal expansion curves for cordierite ea te of series C 
prepared from the glass by devitrification at 900° C. (C-5), i,100° C. (C-83, 
and 1,855° C. (C-4) 


The dashed line is for fused quartz and is drawn from data in B. 8. Sci. Paper No. 524. 


by heating a glass of the same composition at about 900° for a consid- 
erable time. The product obtained corresponds in indices of refrac- 
tion and other optical properties to that described by them. Its 





§ See footnote 5, p. 40. 
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FiGgurRE 3.—X-ray patterns of the stable (top) and unstable (bottom) 
forms of 2MgO-2Al,03:5SiO2 (cordierite) 
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thermal expansion (C—5, Table 1 and fig. 2) is unquestionably consid- 
erably higher than that of cordierite. The increased expansion of 
specimens C-1b and C-2c after reheating at from 900° to 1,150° 
could not be duplicated with the tale body A-15. This increased 
expansion can not be attributed to the unstable form of the 2:2:5 
compound, because neither petrographic examinations nor X-ray 
patterns of the reheated specimens C—1b and C—2c showed its presence. 
That the X-ray photograph would have shown the pattern of the 
unstable compound, if present in sufficient quantity to affect the 
expansion, seems probable from the marked difference in the two 
patterns, (Fig. 3.) 

The small permanent contraction of about 40u per meter evidently 
caused by the first heating (specimen C-3 in fig. 1) is characteristic of 
this form and in one case was noted to a lesser degree (5u to 10u per 
meter) after a specimen (A—17) had been heated and cooled four times. 
It was also noted that the cordierite specimens may have a slightly 
higher rate of contraction during cooling than of expansion during 
heating, in the temperature range above 100°, even though there is 
no measurable permanent length change. This is typified by the 
second heating and second cooling curves for A-3. (Fig. 1.) 

The results do not permit the presentation of thermal expansion 
curves, or of coefficients, as correct for a compound of the definitely 
determined composition 2MgQ-2Al1,0,-5SiO.. It is fairly evident, 
however, that (a) the crystalline phase observed as constituting the 
bulk of the specimens of series A, B, and C is the same as the stable 
form of the ternary compound identified by Rankin and Merwin °® 
having the approximate composition 2:2:5; (b) the thermal dilatation 
of this stable form of the ternary compound is remarkably low; it may 


contract slightly during heating from about 20° to 80°; and the average 
linear expansion, when heated from 20° to 400°, is about 1 u per meter 
per °C. (equivalent to a coefficient of 0.000001); (c) the average linear 
change for the temperature range of 20° to 100° is much lower than 
for any other equivalent range; and (d) the expansion of the specimen 
of - unstable form tested is unmistakably higher than that of the 
stable, 


(a) GENERAL COMMENTS 


The specimens of series A and B were uniformly light buff to gray 
in color and of a firm but open texture. The gain in weight (water 
absorption) of an A-3a specimen (Table 1) resulting from autoclaving 
it in water for one and one-half hours at a steam pressure of 150 
lbs./in.? was 25.8 per cent; there was no measurable length change or 
“moisture expansion’? over a 10 cm length. The specimens of series 
C prepared either by devitrification, or by heating at 1,425°, resembled 
opaque white glass which was very difficult to pulverize with mortar 
and pestle, and pieces could be heated to a red heat and plunged into 
cold water without being visibly affected. Specimens of the glass 
series C) heated at 900° for five hours or less showed no devitrifica- 
tion. Heating at 900° for four and one-half days produced the 
unstable, or high expanding, form (C-5, fig. 2) and heating at 950° 
lor two days (or at higher temperatures, C—3 and C-4, fig. 2) produced 
the stable form. At 1,380° the glass devitrified completely to the 
stable form in 15 minutes. 


* See footnote 5, p. 40. 
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2. COMPOUNDS OTHER THAN CORDIERITE 


Of the other compounds investigated (Table 2 and figs. 4 and 5) 
the three having the lowest average expansion are beryl (G, H, J, 
and J), zinc orthosilicate (K), and celsian (M). The data for the 
four specimens of beryl are presented in some detail, partly because of 
their very low expansions and partly because beryl has received some 
attention, as a material of low thermal expansion, from previous 
investigators.° Both cordierite and beryl may contract slightly when 
heated from 20° to 100° and their average coefficients are not greatly 
different. However, on first heating and cooling beryl it is likely to 
show a permanent expansion of 30 to 40 u per meter. The expansion 
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Figure 4.—Thermal expansion curves of some of the materials described in 


Table 2, E, forsterite; K, zinc orthosilicate; L, zinc aluminate; M, celsian; 
N, anorthite; O, dicalcitum aluminum silicate; P, calcium metasilicate 


Curves for a cordierite specimen (B-2a, Table 1) and for a beryl] specimen (H) are included for 
comparative purposes. 


curves for the “‘stabilized’”’ specimens (that is, curves obtained after 
two or more tests) are given in Figure 5. Worthy of note are (a) the 
similarity in behavior of specimens G, H, and J, which have the same 
indices (Table 2); (b) the somewhat higher rate of expansion of J, 
which has higher indices; and (c) the fact that the expansion perpen- 
dicular to the C axis is relatively much higher than the expansion 
parallel to the same axis and is practically identical for both @ and 
J specimens. 

Several attempts to produce a specimen composed chiefly of some 
one crystalline silicate of cadmium (which has the same crystal habits 
as zinc, magnesium, and beryllium) were unsuccessful. The proper 





10H. Fizeau, Compt. rend., T. LX VI, p. 1005, 1868. A.V. Bleininger and F. H. Riddle, J. Am. Ceram. 
Soc., vol. 2, p. 564, 1919. Robert Twells, jr., J. Am. Ceram. Soc., vol. 5, p. 228, 1922. 
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mixture of CdO and SiO, to form CdO-SiO,, when heated at 1,425° 
showed no evidence of reaction; after heating at 1,550° there was evi- 
dence of reaction, but the material rapidly fell to a powder when re- 


moved from the furnace. <A mix to form 2CdO- SiO, was heated to a 
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Figure 5.—Thermal expansion curves for specimens of beryl described in 
Table 2 


J-a and G-a were determined perpendicular, the others were determined parallel, to the C axis. 


maximum temperature of 1,600°. The product is described in Table 4. 
This material, even when quenched in water from 1,600°, also fell 
to a powder and no thermal expansion observations were attempted. 
Glasses having the calculated compositions CdQ- Al,O,;- 2SiO, and 
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2CdO- 2Al,0,- 5Si0, were obtained when the respective mixtures 
were heated at 1,450°. They were devitrified at approximately 
1,250° and the products are described in Table 4. The average co- 
efficient of expansion for the temperature range 25° to 300° was 
found to be 7.0 10~° for the 1:1:2 glass and 6.5 x 107° for the 2:2:5 
glass. Substituting these values in the formula given by Hall " one 
may calculate the “expansion factor” for CdO. The calculated 
values obtained in this way were 97 and 104 x 10~°, the average being 
practically 100 107°. This average value for CdO would not apply 
to temperature ranges other than 25° to 300°. 


TABLE 4.—Properties of some cadmium silicates 


Composition, determined petrographically 


‘aleulated composition, 2CdO-SiQ¢-- Two phases, neither of which predominates: 
Preparation—W et ground mixture of CdO Phase A. Index just above 1.7 (about 1.71) with very 
and SiO: heated at 1,550° to 1,600° C. for low or no birefringence. 
45 minutes and cooled rapidly. Phase B. Isotropic and occurs as inclusions in phase A; 
the index is much lower than 1.7. 
(NOTE.—In Sprechsaal, vol. 52, p. 256, 1919, F. M 
Jaeger end H. 8. van Klooster report the following 
values: 
2Cd0-SiOe, melting point 1,243° to 1,252° C.; 
indices Ni and N2>1.739. 
CdO-SiOe, melting point 1,242+0.5° C.; indices 
N; and N2>1.739) 
‘aleulated composition, CdO- Al2O3-2S8i0O2__| Three phases present 
Preparation— Wet ground mixture of CdO Phase A. Probably the most abundant, occurs as irreg 
and Georgia kaolin melted to a clear glass ular crystals of very low double refraction (<0.005 
at 1,450° C. and devitrified at 1,250° C. with a mean index of about 1.65. 
Phase B. Either glass or isotropic crystals occurring 


usually as interstitial material between grains o! 


phase A. Index lies between 1.61 and 1.62. 
Phase C. Minute rounded grains of high index and 
high double refraction occurring as inclusions in 
| phase A. 
‘alculated composition, 2CdO-2A1],03-5S8i0O2_| Three phases present: 
Preparation—Same as for CdO-AlOs3- Phase A. Most abundant and occurs with some faces 
2 SiO» (probably prismatic) well developed. Crystals are 
biaxial, very large optic axial angle (approximately 
90°) and indices: a=1.575+0.003, y=1.590-+0.003. 
Phase B. Isotropic, probably glass. Somewhat less 
abundant than phase A and index variable but be- 
tween 1.615 and 1.620. 
Phase C. Least abundant; occurs as irregular crystal- 
line growths showing a tendency to dendritic forms 
Double refraction very low (probably 0.005 or less), 
mean index 1.650.005. 


IV. SUMMARY 


The low expansion of a magnesia body reported by W. M. Cohn 
is a characteristic of cordierite (the ‘“‘stable’” form of a compound 
having the approximate formula 2MgO- 2A1,0,- 5SiO,).. This form 
may be prepared by sintering a mixture of talc, clay, and corundum 
at 1,350°, although the time required is considerably shortened by 
heating at from 1,400° to 1,425°. At temperatures above 1,425° to 
1,450° decomposition of the cordierite will take place. It may be 
formed also by devitrification of a glass of the proper composition 
at temperatures above 950° and below about 1,425°. 

Zinc orthosilicate, celsian or barium feldspar, and beryl also appear 
worthy of further consideration by those interested in the develop- 
ment of bodies having low coefficients of thermal expansion. 


12 


WasHINGTON, February 19, 1932. 








11 J. Am. Ceram. Soc., vol. 13 (3), p. 182, March, 1930. 12 See footnote 2, p. 35. 
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AN AUTOMATIC REVERBERATION METER FOR THE 
MEASUREMENT OF SOUND ABSORPTION 


By W. F. Snyder 


ABSTRACT 


The usual electrical recording method for measuring sound absorption in a 
reverberation room requires the determination of the rate of decay of sound. 
The automatic reverberation meter described in this paper works through a 
range of about 70 decibels, the rate of decay being measured over intervals as 
short as desired through the whole range. 

An automatic control of the apparatus has been developed which allows 
measurements to be made with but little attention on the part of the observer. 


The working ranges of the four methods! that have been used at 
the Bureau of Standards for measuring the rate of decay of sound in a 
room are shown diagrammatically in Figure 1. The approximate 
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FiagurEe 1.—Working ranges of various methods used at the Bureau of Stan- 
dards tu measure reverberation time 


range through which the rate of decay is measured by each method 
is indicated by the difference in decibels between the initial point and 
the final threshold. The ordinary oscillograph method is very limited 
in range, being about 7 decibels. The other methods described were 





1 See reference 6 in the bibliography. 
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used through ranges of 40 to 50 decibels. The present automatic 
reverberation meter works through a range of about 70 decibels. 
The ear, of course, covers even a greater range since in reverberation 
measurements the ear must start at the initial sound level in the 
room and must follow the decay to the threshold of hearing. 

More important, however, than a measurement over a wide range 
of intensity, is the accurate determination of the rate of decay of the 
sound energy throughout the measured range. Such a procedure is 
essential when measuring highly absorbent materials in a reverbera- 
tion room or whenever ‘‘two-room”’ conditions exist.2, Under these 
conditions a double rate of decay may exist as shown by the dotted 
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Figure 2.—Curve showing the rate of decay at 512 cycles made over a range 
of 50 decibels 


It is the result of 60 observations. 


line in Figure 1. The ear and instrumental methods previously 
described give but two points on the decay curve, the initial starting 
point and the threshold point, and we may be unaware of any change 
in the rate of decay between the points measured. The same is true 
in the double-decay oscillograph method. There is, however, in this 
case a short range at both the initial and threshold points where the 
rate is accurately known. The two short decay curves photographed 
on the oscillograms sometimes showed different rates of decay, indi- 
cating that the rate was not always uniform through the whole range. 

Measurements with a reverberation meter as shown in Figure 2 
yield a number of points along the decay curve at definite intervals, 
and the rate of decay may be determined throughout the working 
range. 





2 See reference 9 in the bibliography. 
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Since the decay of sound in a room is of a nonuniform character 
we must resort to a statistical method of measurement, each measure- 
ment being repeated at least ten times. The procedure in making 
these measurements is as follows: Sound radiated from a source such 
as & loud speaker is suddenly cut off and a timing mechanism started 
at the same time. The sound as it dies away is picked up by a micro- 
phone and when the sound reaches a certain level in the room an 
electrical arrangement stops the timer. The timer has then recorded 
the length of time the sound takes to decay from the initial intensity 
to the threshold at which the instrument is set. Shifting the threshold 
of the recording instrument by a definite number of decibels, a differ- 
ent time is measured. Knowing the time it takes the sound to decay 
through definite ranges of sound levels, a curve can be plotted similar 
to Figure 2 in which the slope gives the rate of decay. From the rate 
of decay the absorption of the room can be calculated by the rever- 
beration equation.® 

Making statistical measurements in such fashion becomes quite 
laborious. The present design of the reverberation meter used at the 
Bureau of Standards has made much of the operation automatic. 


Beot - , Condenser 
Oscillator Transmitter 


Avtomatic 
PReverberation Tuned Circurts 
Meter 


Figure 4.—Schematic diagram of entire apparatus 


Figure 3 shows the recording equipment and Figure 4 is a schematic 
diagram of the entire apparatus. Alternating current in the audio- 
frequency range is generated by a beat-frequency oscillator, strength- 
ened by a power amplifier and finally transformed into sound energy 
by a dynamic speaker. A condenser transmitter transforms the 
sound back into electrical energy. The weak electrical current is 
then amplified, the threshold of the instrument being controlled by an 
attenuator. Immediately following the amplifier is a group of tuned 
circuits which aid in reducing the alte of extraneous noises. These 
tuned circuits attenuate approximately 15 decibels at the first octave 
above and below the frequency to which they are tuned. The auto- 
matic reverberation meter with its associated timer terminates the 
recording apparatus. 

Figure 5 5 in detail the electrical circuit contained within the 
reverberation meter which controls the timer. There is one stage of 
angipceHon transformer coupled to a screen-grid tube. The screen- 
grid tube which acts as a rectifier is directly coupled through a 0.5 
megohm resistor to a pentode tube. The pentode tube is used as an 
oscillator and was so chosen because of its high plate current when 
connected in series with a high resistance relay. Some difficulty has 
been found in getting a pentode tube to oscillate under the particular 





See reference 6 in the bibliography. 
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circuit requirements which are necessary for the desired operation of 
the equipment. The frequency of oscillation is about 700 ke per 
second. 

The grid bias of the pentode tube depends upon the potential 
across the plate resistor of the rectifier tube which in turn is a func- 
tion of the sound energy picked up by the microphone. When the 
sound level is high, as at the beginning of the decay, the grid bias on the 
oscillator is sufficiently negative to prevent it from oscillating and the 
plate current is nearly zero. As the sound dies away the grid bias 
becomes more positive. This continues until a sufficiently positive 
bias sets the tube into oscillation with a sudden increase in plate cur- 
rent. In consequence, a relay in series with the tube opens a set 
of contacts, stopping the timer. The sudden increase in current 




















ST 
Zaye 
“Hll-—4" 
90r. 




















Figure 5.—Electrical circuit diagram of apparatus which stops the electric 
timer 


through the relay winding gives a positive control to the operation. 
The point at which this goes into operation, which has been called the 
threshold of the instrument, depends upon the amount of amplifica- 
tion used and the setting of the attenuator. 

The 1,500-henry choke in series with the grid circuit of the pentode 
tube and the 0.01 uf by-pass condenser serve as a filter for the audio 
frequencies. This is a necessary precaution to prevent the relay from 
humming when low frequencies are measured. The circuit is so 
designed that once the tube goes into oscillation a negative shift in 
the grid bias caused by an increase in the sound energy amounting to 
about 4 decibels is necessary to stop oscillations, thereby restarting 
the timer. This more or less helps to integrate out a variable sound 
decay and at the same time prevents the timer from following varia- 
tions less than 4 decibels which would cause excessive starting and 
stopping of the timer. 

Figure 6 shows the arrangement of relays which makes the operation 
of the reverberation meter almost automatic. The apparatus con- 
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sists of three relays, a small alternating current motor with a 1,100 to 
| reduction gear coupled by a shaft to a cam operating a 4-pole switch 
and a self-stopping device. Large condensers across the contacts of 
the relays prevent sparking and setting up electrical disturbances in 
the near-by amplifying equipment. 

The operation of this device is as follows: A rod connected to the 
armature of relay A is lifted, closing the motor circuit. When no 
sound is on, the lower contact at relay D (fig. 6) is closed, allowing 
current to flow through the windings of relay A, thus holding the 
armature of relay A after it is lifted. 

Connected to the same armature is a small pin fitting into cam B, 
which when lifted allows relay A to operate properly, since the arma- 
ture is now close to the pole piece, the pin riding around on top of cam 
Bb. A 4-pole switch operated by the segments along cam A 1s closed 
after the cam begins to rotate. This switch closes “the loud-speaker 
circuit and closes a circuit through the winding of relay A which 
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FiaguRE 6.—Relays and cams which provide automatic control for the reverber- 
ation meter 


normally opens at relay D as the sound comes on. It also closes the 
circuit of the winding of relay B which prevents the timer from operat- 
ing. After a further rotation of the cam shaft the 4-pole switch 
suddenly springs open breaking the loud-speaker circuit, opening the 
motor circuit and allowing the contact of relay B to close, which 
starts the timer at the beginning of the decay. While the sound is 
on or as it is decaying the timer contact of relay D is closed. As the 
sound decays to the threshold of the instrument and the plate current 
suddenly increases in the pentode tube, relay D operates stopping the 
timer. At the same time the other contact on relay D closes and the 
motor is started. The whole process is repeated. This continues 
for five measurements. At the fifth measurement the pin on the 
armature of relay A drops back inte the slot of cam B and stops the 
entire mechanism. 

An average of 10 observations is usually taken at six different 
sound levels spaced at 10 decibel intervals making a range of 50 
decibels. This is sufficient for most absorption measurements. 
The apparatus has a range, however, of about 70 decibels. 
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The apparatus described above offers a statistical method of deal- 
ing with a type of measurement that presents certain difficulties, 
since we are determining a rate of decay that is seldom uniform. 
The method averages a series of observations in a mechanical fashion 
and is almost entirely automatic. This being true, the human equa- 
tion in reverberation and absorption measurements has been prac- 
tically eliminated. 
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NOTE ON THE PROBABLE PRESENCE OF 2, 2-DIMETHYL- 
PENTANE IN A MIDCONTINENT PETROLEUM ' 


By Johannes H. Bruun ” and Mildred M. Hicks-Bruun 


ABSTRACT 


This paper presents evidence which indicates that 2, 2-dimethylpentane is 
present in small amount (not more than a few hundredths of 1 per cent) in a 
mideontinent petroleum. The evidence consists in the approximate agreement 
of the measured properties of a petroleum fraction containing 46 mole per cent 
of cyclohexane with those computed on the assumption that the remaining 54 
per cent is 2, 2-dimethylpentane. 

The properties compared were initial freezing point, boiling point, refractive 
index, molecular weight and eutectic temperature. The evidence thus obtained 
was confirmed by comparing the infra-red absorption spectrum of the petroleum 
fraction with that of a synthetic mixture having the assumed composition. 


CONTENT 


I. Introduction 
. Experimental procedure and results 
. Analysis of the final fraction 
. Correlation of the properties of the final fraction with its composition _ 
. Acknowledgment 
. Bibliography 


I. INTRODUCTION 


From a Caucasian petroleum, Markownikoff (1) * obtained a frac- 
tion boiling between 78.5° and 79° C. From the boiling range and 
the specific gravity of this fraction, as well as from its unusual sta- 
bility toward strong nitric acid, he concluded that 2,2-dimethylpen- 
tane was probably present in the Caucasian petroleum. With the 
exception of Markownikoff, it seems that no one has reported any 
indication of the presence of 2,2-dimethylpentane in any petroleum. 


II. EXPERIMENTAL PROCEDURE AND RESULTS 


The present investigation deals with the same fractions of an 
Oklahoma petroleum which were used for the isolation and determina- 
tion of cyclohexane (2). 

It was found that a large cut (5.5 kg) boiling between 80° and 
80.5° C. consisted of about 94 mole per cent of cyclohexane and had 
a refractive index of 1.422 which is 0.003 unit lower than that of 
pure cyclohexane. It was therefore apparent that some compound 





1 Financial assistance has been received from the research fund of the American Petroleum Institute. 


This work is part of project No. 6, The Separation, Identification, and Determination of the Constituents 
of Petroleum. 


2 Research Associate, representing the American Petroleum Institute. 
‘ Figures in parenthesis here and elsewhere in the text indicate references given in the bibliography at 
the end of this paper. 
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or compounds with lower refractive index than that of cyclohexane 
must also be present in this fraction. The object of the present 
investigation was to concentrate this unknown constituent for pos- 
sible identification. 

While working on the isolation of cyclohexane, it was noted that if 
the cut boiling between 80° and 80.5° C. was subjected to fraction- 
ation by equilibrium melting, fractions of rapidly decreasing refrac- 
tive indices were obtained. Thus by a single fractionation the 
following changes in the physical constants were obtained: 


Stage I Stage II 


20 
n D CE a ee |} 1.422 to 1.417 


Freezing point changed from. ‘ ‘ —12° to —28° C. 
Boiling point changed from 80, 4° to 80,0° C, 
Molecular weight changed from 85.1 to 86.1 


In view of this apparently efficient separation it was decided to 
subject the material to systematic equilibrium melting. The progress 
of the fractionation is shown by the chart in Figure 1. The large 
circle at the upper left corner (R. I. 1.416) represents the original 
fraction (obtained by distillation) which had the boiling range 79° to 
80° C. The other nine large circles at the top represent fractions 
which were obtained by subjecting the 80.0° to 80.5° C. cut to 
equilibrium melting. (This fractionation is described in the cyclo- 
hexane paper (2).) The numbers inside the large circles indicate the 
refractive indices and the initial freezing points of the fractions. As 
indicated by the solid lines, the large fractions were separated by 
equilibrium melting into a number of smaller fractions, indicated by 
the smaller circles. The refractive indices of these fractions are given 
by the numbers inside the circles. The fractions having similar 
refractive indices were then mixed for further fractionation. This is 
indicated by the broken lines in Figure 1. As shown in the chart, 
the molecular weight was determined for some of the fractions. 

As a result of the fractionation shown in Figure 1, the material was 
separated into comparatively large fractions consisting mainly of 
cyclohexane (fractions with high refractive indices) and into small 
quantities of material with low refractive index and low freezing point. 
Fractionation of this material, which contained the unknown con- 
stituent, was continued until its refractive index had been brought 
down to 1.392 and its freezing point had reached —124.6° C. (Stage 
III.) At this point, however, the available quantities of this material 
were too small to attempt further purification. 

The time-temperature cooling curve of the final fraction is shown 
in Figure 2. Table 1 shows some of the physical constants of syn- 
thetic 2, 2-dimethylpentane, of cyclohexane, and of the petroleum 
fractions during three stages of the fractionation. Stage I represents 
the large cut boiling between 80° and 80.5° C. The material in Stage 
II was obtained by a single fractionation of the mixture in Stage I by 
equilibrium melting. (See p. 54 and upper left of fig. 1.) Stage II] 
represents the fraction which was obtained as a final result of the 
systematic equilibrium melting. (See bottom of fig. 1.) 
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TABLE 1.—Some physical constants of 2, 2-dimethylpentane, of cyclohexane, and 
of the petroleum fractions during three stages of the fractionation 


Cyclo- | The petroleum fractions 2, 2-di- 
hexane | a. inethy]- 
(CeHi2) | | pentane 


syn- ee . S¢< (C7His) 
thetic « | Stage Stage II | Stage III synthetic? 


1.408 | 1.422! 1.417| 1.392 


Molecular weight... —_ : -| 84.09 | ©85.1 | . | ¢93.7 
Normal boiling point in? C__- . 2 | 80.8 80.4 80. 79.5 
Freezing point in ° C Sug  ( al 6.4 —12 — 2! |—124. 6 


| 





Timmermans, J. chim, phys., vol. 23, p. 760, 1926. 
’ G. Edgar and G. Calingaert, J. Am, Chem. Soc., vol. 51, p. 1544, 1929. 
¢ For method, see M. M. Hicks-Bruun, B. 8S. Jour. Research, vol. 5, pp. 575-583, 1930. 


As the fractionation proceeded a definite increase was noted in the 
molecular weight. Thus, while the molecular weight for Stage I was 
85.1, the material in Stages II and III was found to have molecular 
weights of 86.1 and 93.7, respectively. This is unmistakable evidence 
of the presence of a constituent having a higher molecular weight 
than that (84.09) of cyclohexane. 

The material in Stage III had a distillation range of about 0.5° C. 
It did not react with bromine or iodine and it was insoluble in water. 
Furthermore this fraction exhibited an unusual stability when heated 
with fuming nitrie or with chlorosulphonic acid. 

By correlating the values of the molecular weight (93.7), the re- 
fractive index and the boiling point of this fraction with the corre- 
sponding constants of known hydrocarbons, it was concluded that a 
heptane was probably present in the cyclohexane fraction. 

It should be further noted that the boiling point of the material in 
Stage I (which contained 94 mole per cent of cyclohexane) was 80.4° C. 
as compared with 80.8° C. for pure cyclohexane. As a result of fur- 
ther fractionation by equilibrium melting fractions of still lower 
boiling points (80.0° C. in Stage II and 79.5° C. in Stage III) were 
obtained. This fact indicates clearly that the presumed heptane is 
one with a boiling point below that of cyclohexane or that the mixture 
is azeotropic with a boiling point minimum. The only heptane with 
a boiling point below 80.8° is 2,2-dimethylpentane. 

The above-mentioned great stability of the material in Stage III 
against chemical reagents is in accordance with the structure of 
2,2-dimethylpentane, ‘because of all the isomeric heptanes, only the 
following three do not possess a reactive tertiary carbon atom: 
at apie ae er (boiling point 78.9° C.); 3,3-dimethylpentane 

(boiling point 86° C.); and n-heptane (boiling point 98.4° C.). 


III. ANALYSIS OF THE FINAL FRACTION 


For the purpose of determining the approximate composition of the 
material (Stage III, Table 1) having the lowest refractive index 
(1.392), the following procedure was used. The freezing point of 
cyclohexane was determined with a Beckmann thermometer. <A 
solution of known concentration of the material (Stage III) in the 
cyclohexane was then made up, after which the lowering of the freez- 
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ing point was determined. It is evident that the cyclohexane 


present in the material (Stage IIT) will have no effect upon the freez- 
ing point, and that the total low ering will be caused by the other con- 
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Figure 1.—Chart showing the fractionation by means of equilibrium melting 
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stituents in this material. From the lowering thus obtained the 
mole percentage of cyclohexane for the material in Stage III could be 
calculated. However, the two most recent values reported in the 
literature for the heat of fusion (Ly) of cyclohexane differ by more 
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than 20 per cent. Hence calculations were made using each value, 
with these results: 

Ly. = 5.87 eal./g (3). 

45.9 mole per cent of cyclohexane and 

54.1 mole per cent of other constituents. 

Ly = 7.4 cal./g (4). 

30.8 mole per cent of cyclohexane and 

69.2 mole per cent of other constituents. 
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FIGURE 2.—-Time-temperaiure cooling curve of the final fraction. (Stage 111) 


IV. CORRELATION OF THE PROPERTIES OF THE FINAL 
FRACTION WITH ITS COMPOSITION 


The amount of the final fraction (Stage II1) was so small that fur- 
ther fractionation for the purpose of isolating a pure sample of the 
presumed heptane was impossible. Under these circumstances the 
best that can be done is to compare the measured properties of the 
final fraction with those of a mixture consisting of 45.9 moles of cyclo- 
hexane and 54.1 moles of 2,2-dimethylpentane. This comparison 
isshown in Table 2. The calculated values are based on the assump- 
tion that the mixture is an ideal solution. 

It will be observed that the agreement is good except in the case of 
the refractive index, where the observed value is low by 0.008 unit, 
which might be caused by the presence of a small amount of a third 
constituent, such as normal hexane, for example. 
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TaBLE 2.—Observed and calculated properties of the final fraction 








| Molecu- no Eutectic 


Property = lar weight D |. halt 


Observed values 
Values calculated from Lys,=5.87 cal./g¢ 
Ljo=7.4 cal./gs._.- ; - 








¢ Initial. 
> See Figure 2. 
¢ See reference (3) in bibliography. 
4 A synthetic mixture was found to have aD =1 400. 
¢ For method see Washburn and Read, Proc. Nat. Acad., vol. 1, p. 191, 1915. 
J See reference (4) in bibliography. 
The evidence for the presence of 2,2-dimethylpentane is therefore 
strong but by no means decisive. 
In order to obtain further evidence the infra-red absorption spec- 
trum of the final fraction was measured and compared with that of a 
synthetic mixture. 


Petroleum Fraction 
eatin Mix 
22-Dmethpipentage 


yclohex ne a 


, 1.134 /'847, 








ae 
Li 

Ip 12 p / 1p 1.8 
Figure 3.—The infra-red absorption spectra of the final petroleum fraction 
(Stage II1), the synthetic mixture, the 2,2-dimethyl pentane, and the cyclohexane 


Measured by U. Liddel, of the Fixed Nitrogen Research Laboratory of the Department of 
Agriculture. 


Through the courtesy of G. Edgar and G. Calingaert, of the Ethy! 
Gasoline Corporation, a small sample of synthetic 2,2-dimethylpen- 
tane was obtained. This sample was mixed with pure cyclohexane 
(and a small amount of n-hexane) so as to yield a mixture of approxi- 
mately the same composition as that calculated for the material in 
Stage III. The spectra of the two mixtures as well as those of the 
pure samples of cyclohexane and of 2,2-dimethylpentane were then 
measured by U. Liddel, of the Fixed Nitrogen Research Laboratory 
of the United States Department of Agriculture, and are shown in 
Figure 3. The two upper curves reveal a striking resemblance 
between the synthetic mixture and the final fraction (Stage IJ1), 
which was presumably of the same composition. 

The characteristic minimum at about 1.19, is clearly evident in the 
spectrum of the petroleum fraction. This evidence when taken 
together with that shown in Table 2 renders it highly probable that 
2,2-dimethylpentane is a major constituent of the ne Ms tote fraction 
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(Stage III). Based upon the crude oil the amount present can not, 
however, exceed a few hundredths of 1 percent. With larger amounts 
of material to work with, there should be no difficulty in isolating the 
pure hydrocarbon. 
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NOTES ON THE ORIFICE METER; THE EXPANSION 
FACTOR FOR GASES 


By Edgar Buckingham 


ABSTRACT 


The discharge coefficient of an orifice meter, determined with water, is ap- 
plicable when the meter is used for measuring the flow of a gas, provided that the 
differential pressure is so small that the accompanying change of density is 
insignificant. But if the differential is a considerable fraction of the absolute 
static pressure, the water coefficient must be multiplied by an ‘‘expansion fac- 
tor’? which allows for the effects of change of density. 

The paper contains a discussion of recent experimental data which show 
how the expansion factor depends on the form of the meter, the ratio of down- 
stream to upstream pressure, and the specific heat ratio of the gas. The con- 
clusions are summarized in an empirical equation which may be used for com- 
puting the value of the expansion factor in certain practically important cases. 

A theoretical method of computing the expansion factor is developed and is 
shown to agree reasonably well with the facts observed under conditions that 
are approximately in accordance with those postulated by the theory. 
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I. INTRODUCTION 


The type of meter to which the following notes refer is illustrated 
diagrammatically by Figure 1, which shows some of the notation 
to be used, as well as certain limitations on the relative dimensions 
of the parts. It may be assumed that the readers to whom these 
notes are addressed would find a detailed description of the orifice 
meter superfluous. 

Since the pressures p, and p., observed at the upstream and down- 
stream side holes or pressure taps, depend on the locations of the 
holes, it is necessary to specify the distances, J, and J,, from the 
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center of each hole to the nearer face of the orifice plate, and some 
one of the following four schemes is usually adopted: 

(a) Pipe taps, /; =2.5D, l,=8D. 

(6) Throat taps, /,; =D, l,=0.5D. 

(c) Flange taps, /;=/,=1 inch for all sizes of pipe. 

(d) Corner taps, the side holes are at the faces of the plate, or the 
pressures are taken off through narrow circumferential slits between 
the plate and the flanges, as illustrated in the lower half of Figure 1. 

Combinations (a), (b), and (c) are in common use in the United 
States, and (d) has been adopted as standard |, the Society of 
German Engineers (1).' 
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Ficurge 1.—The orifice meter 


Side holes are shown above and ring slits below 


There are advantages in adopting an arrangment such that 
meters of different sizes shall be geometrically similar as regards 
location of the side holes, a condition satisfied by (a), (6), and (d), 
but not by (c). 

When the pipe diameter, D, is 8 inches or more and the orifice 
diameter, d, is not more than about 0.75D, arrangements (c) and 
(d) give nearly the same pressure readings and may be regarded 
as equivalent, except in work of high precision. But with pipes as 
small as 4 inches in diameter, this assumption is no longer safe; 
and even with larger pipes, the two arrangements may give apprec!- 
ably different results if the diameter ratio is as large as 0.8. 


1 Figures in parenthesis here and throughout the text indicate references given at the end of this paper. 
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II. THE ORIFICE METER EQUATION 


The indications of an orifice meter are usually, and most con- 
veniently, interpreted by means of some equation which is sub- 
stantially equivalent to 


; M=NC Ay2o(p — po) (1) 
in which 


M =the required rate of mass flow, or the mass discharged per 
unit ,time; 

A=the arpa of the orifice; 

p= the deisity of the fluid being metered; 

P1, Po =the pressures at the upstream and downstream taps; 

N=a numerical constant dependent on the units; and 

C=the discharge coefficient of the orifice, a number which 
does not depend on the units. 

If the fluid is a gas, its density must be referred to some specified 
pressure and temperature, and these are most commonly taken to be 
the upstream pressure p, and the temperature ¢, of the gas approach- 
ing the orifice. Weshall adopt this convention and denote the density 
under these conditions by p;. For the sake of simplicity, it will also 
be supposed that all quantities are measured by a system of normal 
units, such as “British absolute” or cgs, because we then have N=1; 
and with these two conventions, equation (1) takes the form 

M=CA-¥2p,(p; — p2) (2) 

Before an orifice can be used as a flow meter, the value of C must 
be known, and this value depends on the rate of flow, the properties 
of the gas, the dimensions of the apparatus, the location of the pres- 
sure taps, etc. In the experimental investigations needed for the 
elucidation of this subject, observations of pressure and temperature 
at the orifice are combined with measurements of the rate of discharge 
by some independent method, and the equation is used in the form 

M 
8 cece (3) 
A-2p1 (pi — p2) 
which may be regarded as a definition of C. 

It may be remarked that p, denotes the true density at p,, t;; and 
if the gas in question is one that shows large departures from Boyle’s 
law under the anticipated working conditions, the use of the familiar 
equation pu= RT, in computing the value of p,; from the results of a 
density determination under laboratory conditions that are very 
different from the working conditions, may lead to large errors (2). 


III. RESTRICTION TO HIGH VALUES OF THE REYNOLDS 
NUMBER 


Let Ra be the Reynolds number defined by the equation 


4M 
Ruy (4) 

in which » is the viscosity of the fluid. 
If Ra is large, say Rg> 200,000, the value of C found by testing an 
orifice with water, or other liquid, is sensibly independent of the rate 
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of flow (3), and this shows that the effects of viscosity have become 
negligible. But if the same orifice is tested with a gas, such as air, 
the value obtained for C varies with the rate of flow, even though R, 
be high enough to make the effects of viscous forces insignificant: 
for the decrease of density as the pressure falls from p, to po, in contra- 
distinction to the constancy of density of a liquid, introduces a new 
element into the phenomena of flow (5, 6, 7). 

The condition that R, shall have the required high value is nearly 
always satisfied in the commercial metering of gases, and since the 
object of this paper is to discuss the changes of C which are due to 
compressibility alone, it will be assumed, from this point onward, that 
the requirement is fulfilled. 


IV. THE EXPANSION FACTOR 


In discussing the effects of compressibility, it will be convenient 
to employ the following notation: 

8=d/D=the diameter ratio of the orifice, or 

m=? =the area ratio; 

K =the value found for C when the orifice is tested with a liquid 
at high values of R,: so long as the installation remains 
unchanged, K is a constant of the orifice; 

Y =Pp./pi=the pressure ratio at which the discharge coefficien' 
determined by experiments on the gas has the value C; 

y= C,/C, =the specific heat ratio of the gas; and 

Y = C/K =the expansion factor. 

If the fall of pressure at the orifice is made so small that the accom- 
panying decrease of density is insignificant, the gas must behave 
very nearly like a liquid; and experiment confirms the conclusion 
that C=K when y=1. 

We therefore write 

C=KY (5) 
in which the expansion factor, Y, describes, or allows for, the varying 
effect of compressibility on the discharge coefficient; and Y=1 when 
y=1. 

In many important cases, the relation Y =f (y) is very nearly linear, 
as is illustrated by the simultaneous values of y and C given in Table | 
and plotted in Figure 2. 


TABLE 1.—Relation of C to y 
Diameter ratio 0.6209. Specific heat ratio 1,283. Throat taps 


0.6669—0.23 





Difference | 


Pity | Cobserved ons 0.23 | Difference | fy | Cobserved 
—r y) | py | (l-y) 





0.5618 | 0. 5632 ' i} L 0. 6202 +0. 4 
- 5660 | - 5652 " 8 | . -6 . 6448 
. 5654 - 5657 . 0003 ; ° . 6464 + 0008 
. 5866 . 5857 , ; . . 6469 +. 0017 
. 5872 - 5866 | . . 947 ° - 6547 —. 0004 


. 5879 . 5864 . . 948 ° . 6549 —. 0022 
. 5973 - 597 ‘ . 953 - 6557 . 6561 —. 0004 
. 5979 . 598 ‘ 9 -6 . 6612 . 0023 
. 5999 - 6004 : ° ‘ - 6616 +. 0004 
. 6250 ° . 002: ‘ - 6608 . 6616 . 0011 
- 6213 ’ 
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This is one of a large number of results of experiments carried out 
under the direction of H. S. Bean, of the Bureau of Standards, for the 
Committee on Gas Measurement of the Natural Gas Department of 
the American Gas Association. In this instance, the experimental 
work was done at Los Angeles in 1929, with a natural gas of specific 
heat ratio y= 1.283, and the pressures were taken at throat taps. 

The Los Angeles experiments included tests of 23 orifices in pipes of 
4,8, and 16 inches nominal diameter, and Table 2 gives a list of the 
orifices, together with the number of tests on each and the lowest 
value of y, for throat taps, to which the tests extended. 


0.67 
0.66 
0.65 
0.64 
0.63 
0.62 
0.6) 
0.60 
0.59 
0.58 
0.59 
0.56 


o55\— Pe /R=Y 
1.0 0.9 0.8 0.7 0.6 0-5 
Figure 2.—Kelation of discharge coefficient to pressure 


ratio 
From Table 1 


The orifice plates were one-eighth inch thick, with the edges of the 
orifice square and sharp at both faces. They were installed in com- 
mercial steel pipes which had been selected for smoothness, and a 
short nest of smaller pipes was placed in each of the three pipes at a 
distance of 10D to 15D ahead of the orifice, to insure straightness of 

Pipe, throat, and flange taps were provided, and pressures were 
read at all three pairs. The absolute pressure was never more than 
2.6 atmospheres so that departures from Boyle’s law could be ignored. 
Since it was not practicable to measure the rates of flow by means of a 
kasometer, they were determined by passing the discharge from the 
ntifice under test through standard reference orifices, of which any 
number up to 6 could be used in parallel. Details of the experiments 

nd their results will be described in a later publication. 

The linear relationship shown by Table 1 and Figure 2 is charac- 
teristic of the orifices for which 0.2=8=0.75. In ceneral, the depar- 
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tures of the plotted points from the best straight line that could be 
drawn among them by simple inspection were somewhat greater than 
in this series, but they were not systematic. 

For diameter ratios of 0.8 or more, when the range of y was long 
enough to give a well defined band of points, the axis of the band was 
concave upward, the curvature increasing with 8; and the tests of the 
orifice for which 8=0.1241 indicated that a curve, slightly convex 
upward, would be a little better than a straight line, a result in accord- 
ance with other observations on orifices of diameter ratios below about 
0.2. But the general conclusion may be drawn from the Los Angeles 
observations with throat taps, that, over the ranges 0.2=8=0.75 and 
1.0>y>0.5, the expansion factor can be represented, within the 
experimental errors, by the linear equation 


Y=1-¢«(1—y) (6 


in which the slope coefficient, «, is constant for any one orifice but 
increases with 8. 


TABLE 2.—List of orifices tested at Los Angeles, 1929 





| Number | Lowest 


| Number of | Pipe di- | d 8 tar Walee ary 


‘ ‘=m? 
orifice | ameter DI D pi=m 





Inches | 
0.0192 | 
. 0609 
. 1484 
. 3079 | 
. 4239 


. 5705 


. 0002 
0093 | 
. 0609 
. 1486 
. 2175 
. 3080 
. 4241 
. $711 





. 0014 
. 0231 
. 0933 
. 1786 
. 2386 
. 3125 
. 4021 
. 4721 
. 5508 








When the measurements of pressure were made with flange taps 
(/;=l,=1 inch instead of 1, =D, l,=0.5D), the results were similar to 
those for throat taps, the only difference being that the values of « 
were a trifle larger and that the linear relationship persisted up to 
higher values of 8. 

Experiments by R. Witte (3, 4), with corner taps, have also given 
a linear relation of Y to y for air and nitrogen; and the same was true 
of his more extensive experiments on superheated steam, except for 
an as yet unexplained anomaly at the highest values of y, which may 
be connected with the phenomena of delayed condensation. The 
remaining points lay along straight lines. (See reference 4, figs. |! 
and 15, p. 295.) 

The experimental data cited above seem to be the most extensive 
and trustworthy available, though not the only ones. For example, 





—— 


eo om St CS RTO 


—— 


ong 


the 
vex 
rd- 
out 
ples 
and 
the 


(6 
but 


Buckingham) Expansion Factor for Gases 67 


J. L. Hodgson (5) has published curves representing the results of 
experiments with corner taps on air for diameter ratios 8=0.421, 
0.632, and 0.843, and they are all convex upward; but for the two 
lower diameter ratios one can not be certain, from the small figure 
published, that straight lines would not do as well as the curves. 
For 8=0.843 there is no doubt about the curvature, but, unfortu- 
nately, there are no other published data with which this curve can 
be compared, so. that it stands alone. 

In the Los Angeles experiments with flange taps, the orifices 
numbered 5, 13, and 14, in Table 2 (@=0.8069, 0.8070, and 0.8693) 
gave well-defined straight lines, while the observed points for number 
6 (8=0.8691) lay along a curve that was strongly concave upward. 
There is, however, no necessary inconsistency between these obser- 
vations and Hodgson’s. For when the edge of the orifice is as near 
the wall of the pipe as it is with these large values of 8, the pressure 
at the wall in the vicinity of the plate varies rapidly with distance 
from the plate; and flange taps, which are merely near the plate, may 
well give quite different results from taps right in the corners. The 
fact that plate 14 gave a straight line, while plate 6, with the same 
value of 8, gave a curve, was doubtless due partly, if not wholly, to 
the fact that the tap distances were D/8 in the one case and D/4 in 
the other. 

The results of the early work of the Bureau of Standards on com- 
pressed air (6) were also presented as curves that were convex upward; 
but the observed points were so much scattered that straight lines 
might equally well have been used, for all but the lowest values of 8. 
The experimental conditions at Los Angeles were more favorable, 
both in the steadiness of the gas supply and in the longer range of 
values of y that could be covered, and they permitted of so much 
higher precision that the Los Angeles results may be regarded as 
superseding the earlier ones. 

Many experiments with natural gas from other fields have been 
carried out under the direction of H. S. Bean for the committee 
named above, and have given results like those already described; 
but the experimental conditions were generally less satisfactory and 
a detailed discussion of the results would not change or invalidate 
the conclusions drawn from the more precise data gathered at Los 
Angeles. These additional experiments will not be further considered 
here, nor will an exhaustive review of the literature be attempted; 
but one excellent set of observations remains to be mentioned, 
although the arrangement of the apparatus did not correspond 
exactly to any of the four usual pressure tap combinations. 

H. Bachmann (7), working with air, determined the discharge 
coefficient of an orifice on the end of a pipe, with the jet issuing into 
the atmosphere. The dimensions were D=82.5 mm (3.25 inches), 
d=20.032 mm, 6=0.2428, and /,=1.82D; and p, was taken to be the 
barometric pressure. 

In view of the low value of 8, this arrangement must have given 
very nearly the same results as if the pipe had been continued down- 
stream and the pressures had been measured at throat taps. 

The values of C from 17 experiments covering the range 0.996=y= 
0.535 are reproduced without systematic error by the equation 


C=0.600 [1—0.302 (1—y)] (7) 
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the greatest departure being —0.6 per cent, and the mean +0.2 per 
cent. 

One experiment, at y=0.997, gave C=0.5907 as compared with 
0.5995 from equation (7); but having regard to the admirable con- 
sistency of the other values, it seems fair to assume that this one 
experiment was affected by an unusually large error of some sort. 

rom the foregoing brief review of experimental data, it appears 
that, over the range 1.0 >y>0.5, the expansion factor may be repre- 
sented, within the present accuracy of orifice meter testing, by linear 
equations of the form of equation (6), provided that: (a) The tap 
distances are not greater than /,=D and 1,=0.5D; and (6) the diam- 
eter ratio is within the limits 0.2=8=0.75. 


V. COORDINATION OF THE EXPERIMENTAL VALUES OF ;¢ 


Admitting the substantial correctness of the general form of 
equation (6), we have next to intercompare the values of the slope 
coefficient ¢ that fit the various sets of observations. 


1. THROAT TAPS 


For each of the orifices tested at Los Angeles the values of C-/1— mi‘ 
were plotted as ordinates’ against y as abscissa; and for each orifice 
for which 8<0.75, the result was a more or less definite and straight 
band of points. By stretching a fine thread along the band and 
making readings at y=0.5 and y=1.0, two straight lines, of greatest 
and least slope, were determined, between which any line that could 
reasonably be drawn to represent the band must lie. The values 
of « for these lines were computed, and their mean is recorded as 
€,»; in column 5 of Table 3. 


TABLE 3.—Slope coefficient of Y for throat taps or free discharge 





0.414-0.33m? Col. 
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0. 3724 | 0.0192 | 0.336 |+0. 006 
. 4967 . 0609 | *. 342 . 002 | 
. 6207 | .1484 | *. 363 . 003 | 
7449 | .3079 | .386; .006 | 
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Ss ses 


. 1241 . 0002 .313 | .003 
ne 3105 . 0093 . 329 . 003 
H. S. Bean, throat taps, . O5¢| 4 tr | or a 
vals .6829 | .2175 | *.383 | .006 
. 7450 . 3080 | *. 403 . 005 


.1951 | .0014| .304| .007 
.3901 | .0231| .300| .022 
. 5527 | .0933 | .307] .032 
z .6501 | .1786| .337| .017 


rl 3 





. 6989 | . 2386 .379 | = .023 
-7477 | .3125 | =. 386 . 022 
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H. Bachmann, , os | 
in moregean -« 8.25 | .2428 | .0035| .302/ .010 


2 Values of C might equally well have been used. 
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The number in column 6 is, in each case, one-half the difference 
between the two extreme values and gives a rough estimate of the 
uncertainty of the value of € 5s. 

The foregoing procedure evidently involves a considerable exercise 
of personal judgment which might have been avoided by utilizing 
the method of least squares. But there was no satisfactory method 
for weighting the separate points—which were certainly not all of 
equal weight—and the result of any arbitrary assignment of weights 
would have been no more authoritative or probable than that ob- 
tained, as described, by simple inspection. 

If tests were carried out on a series of orifices which differed only in 
diameter ratio, the values found for ¢ should evidently lie along some 
smooth curve, e=f(8), within the errors of experiment; and it appears 
that the relation would be approximately linear in 8* or m?. Column 
7 of Table 3 contains values computed from the empirical equation 


0.41 +0.33m? 


(8) 
as 


€cale. — 


and column 8 contains the values of (€,5;.— €caic.). Column 9 shows 
the positive or negative excess of (€,9:.—€atc.) over the estimated 
uncertainty of ¢,,,;.,, given in column 6. For 5 of the 17 orifices, includ- 
ing Bachmann’s, (€o55.—€car..) 18 Within the estimated uncertainty, 
while for the other 12 it is outside, by amounts up to 0.011. 

[t is quite possible that the errors in determining ¢ were larger than 
the admittedly rough estimates shown in column 6; and there may 
also have been differences of finish between the different plates, so 
that even if there had been no experimental errors, the points would 
not have lain on a smooth curve or a straight line. But in any event, 
the departures are not so important as might appear at first sight. 
An error of 0.010 in e changes C by 0.4 per cent at y=0.6, or by 0.2 
per cent at y=0.8, which ig a lower value of y than is often encoun- 
tered in practice; and it seems probable that when an orifice meter for 
gas is used with throat taps, the equation 


Lie 0.414 0.33m? 


F pate; m | (1 ~——) (9) 


will always give values of Y that are accurate enough for ordinary 
commercial purposes. 


2. FLANGE AND CORNER TAPS 


In Table 4, with the same notation es Table 3, the data in the 
upper part refer to Bean’s observations with flange taps on the Los 
Angeles natural gas, the values of ¢€,5,, and 6e,.,, having been found 
from the observations in the manner described above for throat taps. 
The lower part of the table refers to Witte’s (4) observations with 
corner taps on superheated steam, air, and nitrogen: and the values 
of €,y5, were obtained by readings from the published plots of Y 
against y. (See reference 4, figs. 14 and 15, p. 295.) 
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TABLE 4.—Slope coefficient of Y for flange and corner taps 
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. 0231 
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Witte, corner taps, y=1.31 3. § . 58 . 1136 
| . 2401 

. 3329 
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. 0005 

.O112 
Witte, corner taps, y=1.40 

. 1347 


In Witte’s experiments on steam, the rate of flow was determined 
by condensation and weighing, and the experimental accuracy was 
probably higher than could be attained with natural gas. On the 
other hand, in his experiments on air and nitrogen, the flow was meas- 
ured by a small wet-drum meter; and while these measurements maj 
have been accurate, the orifices were too small for exact reproduction, 
and comparison with larger orifices of ostensibly the same geometrical 
shape is of little significance. The most important result of these 
small-scale experiments is their satisfactory confirmation of the linear 
relationship between Y and y. 

Since Witte’s values of Y are published in the form of small plots, 
from which it is difficult to make accurate readings, the values of « 
given in Table 4 may not do justice to the accuracy of the original 
data. No attempt has been made to estimate the uncertainty de- 
noted by ée,,;. It is impossible to assign definite weights to the 26 
values of €,»;; but the 5 values for the largest pipe at Los Angeles 
and Witte’s 3 values for air and nitrogen seem to be considerably 
less trustworthy than the others. 

The values in column 7 of Table 4 were computed from the equation 


0.41+0.37m? 0 
ee re 7 (a (1 


and columns 8 and 9 have the same meanings as in Table 3. 
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As with equation (9) for throat taps, so here it appears that the 
slightly modified equation 


_ 0.41 +0.37m? 
v 





(l-y) (11) 


F otis. _ 1 


represents the facts to an approximation sufficient for ordinary com- 
mercial metering, under the following conditions: (a) for flange taps, 
up to 8=0.8 when /,=1,=D/4, or up to 8=0.87 when /,=/,=D/8; 
and (6) for corner taps up to 8=0.76, the highest value for which 
Witte gives data. 

When an orifice for which 6=0.869 was tested at Los Angeles in 
the 4-inch pipe, with flange taps, the resulting band of points was 
strongly concave upward, whereas an orifice of the same diameter 
ratio in the 8-inch pipe gave a well-defined straight line. The simple 
linear relation persisted to a higher value of 8 when the pressure taps 
were relatively closer to the orifice plate; and in Witte’s measure- 
ments with corner taps, values of 6 above 0.76 would probably still 
have given the linear relation described by the general equation (6) 
or, in particular cases, by equations (7), (9), and (11). 


VI. THEORETICAL COMPUTATION OF Y 


Some orifice-metering devices work with more than the critical 

pressure drop, but in the normal meter the range of pressure is less 
than 2 to 1, and usually very much less. Even with gases that show 
considerable departures from Boyle’s law over the range from 1 at- 
mosphere up to the high pressures at which they may be metered, 
the departures are nearly always neglible over the range of pressure 
in an orifice meter; and although the use of the ideal gas equation, 
pu=RT, for computing the density at p, from the density at atmos- 
pheric pressure, might lead to serious errors, it is permissible to 
treat the expansion through the orifice as subject to this equation. 
It may also be stated, without discussing the details of the experi- 
mental evidence, that when R, is large, the flow is very nearly isen- 
tropic, at least as far as the vena contracta. The changes of density 
in the jet may therefore, without appreciable error, be treated as 
conforming to the thermodynamic equations for isentropic expansion 
of an ideal gas. 
_ Let us now suppose that the pressure taps are so situated that p, 
is the static pressure in the approaching stream of gas just before it 
has begun to converge toward the orifice, and p, is the static pressure 
in the jet at the vena contracta, where the flow has become straight 
and the pressure in the jet sensibly uniform and equal to the static 
pressure of the gas in the surrounding space. 

The area of the orifice being A, let u_ be the contraction coefficient, 
so that the cross section of the jet at the vena contracta is Ayzg. 
Then by the usual, familiar train of reasoning we arrive at the 
equation 

20 rt 


2 iy 4 
ee rs a (12) 
1—pa'm?y 7 
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And upon comparing this with equation (2) in the form 
M=KYAy2p,(p, — p2) 


and introducing the abbreviation 
2 y+1 
(im hime Dae ; 
oes) Oe ace 





we get the equation 


7-3 SN 
I 
Tea at 


from which Y may be computed, for any given values of m, K, 7, 
and y, if the value of u, can be determined. 

In default of a solution of the equations of motion, u, can be found 
only by recourse to some plausible, simplifying assumption. In an 
earlier paper (8) it was assumed that, at any given mass flow, the 
force exerted by the gas on the upstream face of the orifice plate was 
the same, whether the subsequent flow through the orifice was isen- 
tropic or went on without change of density, as for liquids. If the 
jet issues into a space in which the static pressure is uniform, and is 
therefore the same all over the boundary of the jet and the downstream 
face of the plate as in the vena contracta, the assumption makes it 
possible to apply the momentum principle and obtain a relation be- 
tween the contraction coefficient y,, and the contraction coefficient, 
u, for a jet of liquid from the same orifice. The latter may readily 
be shown to satisfy the equation 


K 
u= . (16) 


V1t+mk? 


so that 1» may be computed from the diameter ratio of the orifice and 
the value of K, which is accessible to measurement, either by experi- 
ments with a liquid or as the limiting value of Cin experiments with 4 
gas. 

The relation in question (equation (20) of reference 8) may be put 
into the form 3a 

had. _y? B 
Poy TE Las Z 
y7B 


where 


/ 9 2 
B=(m+2—4)Z—miy (18 


and Z is defined by equation (14). 

The value, or lack of value, of the assumption on which equation 
(17) is based is to be determined by comparing the resulting ‘‘theoret- 
ical” values of Y with values found by experiments with a gas on al 
orifice which is so installed that the conditions regarding p, and P: 
are satisfied. 





16) 


and 
eT i- 
th 8 
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The value of K, found either by testing with a liquid or by extrapola- 
tion to y=1 from the experiments with the gas, is substituted in 
equation (16), together with the measured value of 6?=™m, to give the 
value of u; a value of y is selected, and with the given value of y the 
value of Z is computed from equation (14); and after these prelim- 
inaries, B, wa, and Y are computed, successively, from equations (18), 
(17), and (15). The value of Y may then be compared with the value 
found by experiment at the selected value of y. 


VII. COMPARISON OF THEORETICAL AND EXPERIMENTAL 
VALUES OF Y 


In the deduction of equation (12), p, and p, represent the static 
pressure in the stream just before it begins to converge toward the 
orifice, and the static pressure in the jet at the vena contracta; 
and if the theory is to be tested by comparing values of Y from 
equation (15) with values obtained by experiment, the pressure taps 
in the experimental apparatus must be so placed as to conform to the 
requirements of the theory. For diameter ratios up to 0.75, the 
former condition may be satisfied, within the precision of all but 
the most refined measurements, by placing the upstream side hole 
anywhere within the limits 0.5D=l1,=2D; but the location of the 
downstream side hole requires more care. 

Visual observations with orifices installed in glass pipes have 
shown that the vena contracta occurs at about the same cross section 
of the pipe as the minimum static pressure at the wall, and it is 
commonly assumed that this minimum pressure is identical with the 
pressure In the jet at the vena contracta. No direct experimental 
proof of this is known to the present writer, but there is no obvious 
reason for doubting that the assumption is substantially correct, 
and it will be accepted here. 

For low values of 8, the downstream minimum of pressure is about 
one pipe diameter from the orifice, but is too flat to be located accu- 
rately. As B is increased, the minimum becomes more pronounced 
and moves closer to the orifice, but its position also depends to some 
extent on the rate of flow, being blown farther downstream if the 
speed of the jet is raised (9). Nevertheless, the pressure in a fixed 
side hole at the distance /,=0.5D from the orifice plate is only very 
slightly higher than the minimum pressure, unless @ is large; and up 
to 8=0.75 the difference is not more than 0.005 (p,-p2), which corre- 
sponds to a change in C of only 0.25 per cent. It is therefore evident 
that measurements of p, and p, with throat taps will come very 
close to satisfying the conditions presupposed in the deduction of 
equation (15). 

The deduction of equation (17) is subject to the further condition 
that the static pressure on the downstream face of the orifice plate, 
and over the bounding surface of the jet as far as the vena contracta, 
shall be uniform and equal to the pressure inside the jet at the vena 
contracta. This requirement is satisfied when the jet discharges 
into the open air, as in Bachmann’s experiments (7), or in the ordinary 
installation when 8 is small. As 6 is increased, the static pressure 
i the region about the jet becomes less uniform, if we may judge 
by observations at a series of small side holes distributed along the 
wall of the pipe, and the conditions for the validity of equation (17) 
ire less nearly satisfied. 
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1. THROAT TAPS 


It is impossible to form a quantitative estimate of the effects of the 
departures from the theoretical conditions just considered, and the 
comparison of theory with experiment will therefore be carried up to 
8=0.75, which is as far as the Los Angeles experiments with throat 
taps gave well-determined values of Y. 

To cover this range of diameter ratios six of the Los Angeles 
orifices were selected as having particularly well determined values 
of €.»,; they are marked with asterisks (*) in column 5 of Table 3, 
Values of Y were computed from equation (15) at y=0.5---0.9, 
with y=1.283 and the values of K shown in column 10 of Table 3, 
which were found graphically at the same time as the values of ¢,,,.. 

The first result to be noted is that the theoretical curves, Y =f(y), 
are slightly convex upward, the curvature being greatest for low 
values of 8. For y=0.6, the computed points are not far from the 
straight line drawn from the point (y=1, Y=1) through the point 
computed for y=0.7. The slope of this line will be denoted by «,, 
and the ordinates by 

Yor=1—@7 (1—-y) (19) 


The value of (Y — Y,.7) at any value of y, is the amount by which the 
computed theoretical curve is above the straight line at that value of 
y, and these amounts are shown in Table 5. 


TasBLe 5.—Curvature of the computed curve Y=f(y) 
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The fourth figure in Y is not certain, but the table suffices to give 
anidea of the degree of curvature and its regularincrease as 6 decreases. 
As already noted, experiments indicate that when 6 is small the true 
curve is slightly convex upward, although for larger values of it is 
sensibly a straight line. 

The computations were also carried out for Bachmann’s (7) orifice 
with 8=0.2428, K=0.600, and y=1.40; and Table 6 contains values 
of the following quantities for each of the seven orifices: 

Y computed from equation (15); 

Yo. computed from equation (19); and 

Yoos, computed from equation (6), with e,,,, taken from column 5 
of Table 3. 
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TABLE 6.—Computed and observed values of Y for throat taps (Bean, y= 1.283) and 
Sree discharge (Bachmann, y=1.40) 
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In the first column, values of e,7 are given for comparison with those 
of €on5, ANd €caize., repeated from columns 5 and 7 of Table 3. 
Small discrepancies between Tables 6 and 5 are due to the dropping 
of subsequent figures. 
2. CORNER TAPS 


Observations of pressure at corner taps do not quite satisfy the 
conditions for which equation (15) was deduced, and if the results 
of such observations are to be used for testing the value of that 
equation, the experimental values of K must first be reduced to what 
they would have been if the pressures had been observed at throat 
taps, which conform more nearly to the requirements of the theory. 
This can not, at present, be done with any great accuracy, but in 
order not to neglect the opportunity offered by the publication of 
Witte’s (4) observations on steam, the reduction will be attempted. 
It might be effected by means of Witte’s observations on the longti- 
tudinal distribution of pressure at the wall of the pipe near the orifice 
plate; but the uncertainty of readings from the rather small-scale 
curves by which the results are represented (see reference 4, Pt. II) 
has led me to prefer using the somewhat similar data obtained at 
Chicago in 1924 (9). 

Letting K, denote the value of K for corner taps and writing 


K=6 K, (20) 


values of the reduction factor 6 were found, by interpolation in Table 
19 of reference 9, from the equation 


_ C(24,12) 


b= CU) os 
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in which C(24,12) and C(1,1) represent the values of C for an orifice 
installed in a smooth pipe of 23.3 inches inside diameter, when the 
distances from the orifice plate to the side holes were, respectively, 24 
and 12 inches, and 1 and 1 inch, the ratio being deduced from the 
observed longitudinal distribution of pressure. 

The identification of C(1,1) with the value C(0,0) that would be 
obtained with the side holes right at the faces of the plate instead of 
D/23.3 away, is of course not exact; the difference is small but not yet 
accurately known, and it varies with the diameter of the side holes (4), 
Furthermore, the pressure distribution is not entirely independent of 
the pressure ratio. The values of 6 found as described above are 
therefore slightly uncertain, but in default of a detailed tabulation of 
Witte’s measurements it appears that we can do no better at present. 

Table 7 refers to the five orifices for which Witte gives values of 
Y=f(y) determined with superheated steam (see reference 4, fig. 15): 
the notation and arrangement are the same as in Table 6, with the 
addition of two columns containing K,, as given by Witte, and }, 
obtained as already described. The values of Y were computed from 
equation (15) with y=1.31 and K=}bK,; and those of €,,,, and €,4;,. in 
the first column are repeated from Table 4. 


TABLE 7.—Computed and observed values of Y for corner taps (Witte, y= 1.21) 
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A question might arise here concerning the values of ¢,,,;. Let p; 
and p,’ be the pressures measured at corner taps, while p, and p, are 
the upstream and downstream minimum pressures dealt with by the 
theory. To be comparable with values of Y computed from the 
reduced values of K, the observed values of Y should be plotted 
against the simultaneous values of p,/p,; and if, by an oversight, the 
abscissa in the plot were p,’/p,’, the values of ¢,»,. read from the plot 
would need slight corrections, which would, however, be negligible 
except for the two largest orifices. In reality, the abscissa in the 
figure is stated to be p,/p,, and since it must be assumed that the 
statement is correct, no further reduction has been undertaken. 
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In view of the uncertainties involved in the foregoing reduction of 


Witte’s experimental data, to say nothing of the difficulty of making 


accurate readings from his published figure, the surprisingly close 
agreement of Y and Y,», for the two largest orifices is not to be taken 
too seriously. Nevertheless, it appears that, over the range 0.6<y<1.0 
and 0.2=6=0.76, equation (15), developed by theoretical reasoning 
from an initial approximating assumption, does give a fairly good 
TT a of the best established experimental facts for steam 

= 1.31), as well as for natural gas (y=1.283) and for air (y=1.40). 


VIII. SUMMARY 
1. NOTATION 


With all quantities expressed in terms of normal units, such as 
“British absolute”’ or egs, let C be the discharge coefficient of an ori- 
fice meter of the type illustrated by Figure 1, as defined by the equa- 


tion 
M=CA 2p, (pi — Po) (A) 


| in which: 


“ =the mass discharged per unit time; 
=the area of the orifice; 
Di pe the static pressures observ ed at the upstream and down-stream 
side holes or pressure taps; and 
p, = the density of the gas at p, and the upstream temperature. 


In addition to the foregoing notation, let 


d=the diameter of the orifice; 

D=the diameter of the pipe in which it is installed; 

B= -d/D =the diameter ratio, or 

m= B?=the area ratio; 

|, 4.=the distances from the orifice plate to the centers of the up- 
stream and downstream side holes; 
= p/p, = the pressure ratio; 

- C,/C,= the specific heat ratio of the gas; 

n= the viscosity of the 

Ra=4M/adn=the Reyno Mp number; 

K=the value obtained for C when the meter is tested with water 
or other liquid under conditions that make R,>200,000-M, 
pi, and » now referring to the liquid; 

Y=C/K =the expansion factor for the gas; and 


e=(1—Y)/(1—y), so that 
C=KY (B) 


Y=1-e(1-y) (C) 
2. CONCLUSIONS 


and 


The following statements and conclusions are subject to the restric- 
tion that Rz>200,000, a condition which is nearly always satisfied 
in the commercial measurement of gas by orifice meters except when 
the orifices are very small. 

The water coefficient, K, is sensibly constant for any one orifice 


: ais installed and operated in a prescribed manner. 


2. When the meter is used for gas, C= A or Y=1, when y=1. 
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These two facts are already familiar from the published work of 
Witte and others. The condition R,>200,000 results from Witte’s 
experiments (3). The following statements are conclusions from the 
discussion in the present paper of experimental data obtained with 
pressure taps located within the limits /|;=2D and 1,=0.5D: they may 
or may not be true outside those limits. : 

3. When 6<0.2, the curve Y =f(y) is slightly concave toward the y 
axis, but the data for low values of 8 are scanty and no more specific 
statement is possible. 

4. When 0.2=8=0.75, Y =f(y) is linear within the present accuracy 
of orifice meter measurements, at least as far down as the critical value 
of y; in other words, ¢ is a constant for any one orifice meter. 

5. When 6>0.75, the linearity of Y=f(y) may or may not persist, 
according to the location of the pressure taps. 

(a) Forl,=D and /l,=0.5D (throat taps), the curve is convex toward 
the y axis at 8=0.8 and still more so when 8=0.87. Presumably, the 
linear relationship ceases to hold soon after 6 exceeds 0.75. 

(b) For 1,;=l,=D/4 (flange taps in a 4-inch pipe), Y=f(y) is still 
represented by a straight line at 8=0.8; but at 6=0.87 the curve is 
strongly convex toward the y axis. 

(c) For 1,=l,=D/8 (flange taps in an 8-inch pipe) the linear rela- 
tionship still persists at 6 = 0.87. 

(d) For corner taps there are no satisfactory data above B=0.76; 
but (6) and (c), above, indicate that Y=f(y) would still be linear at 
considerably higher values of 8. 

6. Within the limits 0.2=8=0.75, where each of the foregoing 
arrangements of the pressure taps gives a linear change of Y with y, 
or a constant e for each orifice, the values of « vary systematicall; 
with 6 and y, and the values of Y are given approximately by the 
equation 


Y= 


_0.41 + 0.35m 
Y 


(l-y) (D) 


The available observations may be slightly better represented by 
using separate equations for throat, and for corner and flange taps; 
but the difference is little, if at all, greater than the experimental 
uncertainties. And it seems probable that when the pressure ratio is 
greater than 0.8, as it is in the vast majority of practical metering 
operations, the mean equation (D) will always give the value of Y 
correctly within 0.5 per cent, and usually much closer than that, 
provided that the pressure taps are located within the limits /,=2D 
and /,=0.5D. 

Further accumulation of experimental data may require some modi- 
fication of the numerical coefficients of equation (D), but it seems 
improbable that the changes will be of serious importance to gas 
engineers. 

Although the variations of the limiting or liquid coefficient, K, have 
not been discussed in this paper, it may be stated here that the values 
of Y, or of the slope coefficient ¢, are much less sensitive to changes of 
tap location or roughness of the pipe than the values of K. 

7. In continuation of an earlier paper (8), a theoretical method for 
computing Y has been developed, and has been shown to be in {alr 
agreement with the experimental facts in a number of typical cases. 
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THEORY OF VOLTAGE DIVIDERS AND THEIR USE WITH 
CATHODE RAY OSCILLOGRAPHS 


By Melville F. Peters, George F. Blackburn, and Paul T. Hannen 


ABSTRACT 


Four requirements are given for voltage dividers, and equations have been 
developed for the most general type of capacitance voltage divider. Special 
cases of the most general type are discussed. These equations show that if the 
capacitance of the voltage divider is small, the capacitance to ground can not be 
neglected if the deflection of the cathode beam is to be proportional to the applied 
voltage. A number of oscillograms of spark discharge using five types of 
circuits confirm the equations. It was found that resistors had to be placed in 
the voltage divider to damp out oscillatioas set up in the divider. Equations are 
given for resistance voltage dividers expressing the relation between the divided 
voltage and the applied voltage in terms of the resistance and self-capacitance of 
the resistors. The equations show that only under special conditions will the 
deflection of the cathode beam be proportional to the applied voitage. Oscillo- 
grams takea at frequencies of 20 to 1,000 ke confirm the equations as clesely as 
can be expected with the simple assumptions used in deriving them. Methods 
are given for the determination of the sensitivity of the cathode beam at the 
photographic plate, as well as the determination of the reduction ratio of the 
voltage divider. 
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I. INTRODUCTION 


A fundamental requirement for an instrument designed to measure 
potential difference in an electric circuit is that the measuring instru- 
ment shall not introduce more than a negligible change in the character 
of the circuit under consideration. This sometimes imposes limiting 
conditions upon the instrument, especially in the case of measuring 
the voltage across a spark gap with a cathode ray oscillograph under 
conditions found in practice. 
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In automotive ignition systems the capacitance and inductance are 
low. Measurements made on aircraft engines showed the capacitance 
of the leads to vary from 40 to 180 wuf. On radio-shielded engines 
the capacitance is usually greater than this and has been found to be 
as high as 400 uwuf. The proximity of the leads to the engine causes 
the inductance to change with frequency. At high frequencies the 
iron has very little importance and computations made for the shorter 
leads, disregarding the effect of iron, showed the inductance to be ap- 
proximately 1 yh. 

If the voltages are sufficiently low so that they may be applied 
directly to the deflection plates of the oscillograph, the latter increases 
the capacitance of the circuit by approximately 20 uuf. If a short 
lead is used from the magneto to the spark gap the combined ca- 
pacitance of the circuit need not exceed 40 yuuf, which enables the 
experimenter to set up a test circuit which is a sufficiently close 
approximation to the actual circuit as regards capacitance. 

If the voltage is too high to be applied directly to the deflection 
plates a voltage divider must be used. In a study of magneto 
discharges it was found that a voltage divider was required, and one 
was designed which introduced a capacitance of 20 uuf. This voltage 
divider proved unsatisfactory and the present investigation was 
undertaken to study various possible arrangements and to determine 
which would be the most suitable for measuring the voltage character- 
istics of magneto spark discharges. 


II. GENERAL REQUIREMENTS FOR A VOLTAGE DIVIDER 


The oscillograph records the difference of potential between the 
two deflection plates at any instant. In order that the voltage re- 
corded by the oscillograph shall be a true representation of the 
voltage to be measured it is necessary that the following conditions be 
satisfied. 

1. Introduction of the voltage divider must not affect materially 
the character of the circuit. 

2. The potential difference across the deflection plates must at every 
instant be proportional to that across the divider, and the ratio must 
remain constant at all frequencies. This insures that the two potential 
differences will be in phase. 

3. The voltage between the deflection plates and ground must not 
be sufficient to cause a breakdown in the deflection tube or introduce 
spurious effects on the cathode beam. 

4. There must be no natural oscillation in any part of the voltage 
divider which will produce spurious effects. 

In the following discussion these requirements will be referred to 
by number. 


III. ANALYSIS OF VOLTAGE DIVIDER CHARACTERISTICS 
1. CAPACITANCE VOLTAGE DIVIDER 


The most general type of capacitance voltage divider is shown 
diagrammatically in Figure 1. Referring to the figure let A and A’ 
be two points, which may be the electrodes of a sphere gap or spark 
plug, having potentials V, and V,’ with respect to ground. Let V; 
and V,’ be the potentials with respect to ground of the two deflection 
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plates as indicated. Let C, and C,’ be the capacitances of the two 
series capacitors, and C;’ the capacitance of the capacitor shunted 
across the deflection plates of the oscillograph. The capacitance of 
these plates is C;. Let C, and C,’ be capacitances to ground, which 
are the effective capacitances to ground of the portion of the circuit 
| metallically connected to C, and C,’, respectively. By an inspection 
of Figure 1 equations (1) and (2) may be written 


(V, P V2)CQ\ = VC, + (V,- V,’) (C3 + C;’) (1) 
(V,’ -_ V,')C; i V,’C,’ + (V,’ bi V3) (C; + C;’) 


& 
3 alan, 


|Z. 


Oseieqravh 
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Figure 1.—Capacitance voltage divider circuit 


Subtracting (2) from (1) an expression is obtained for 


th ars: 3 2 
all 1 J" 
- Vif 14+ (+0.(Gr+q7)+@ | (3) 


In a similar manner an expression may be obtained for V,—V,’ 
which reduces to 


(Vi~ vs) OO’ +o a) + (Vat Va | cc, 00 
V,- / ,' =- 2 Y ? ri. 7 ; 7 7 
’ (C46) +Q/ +4) +O tOGTa) 





Equation (4) shows that the deflection which corresponds to V,— V,’ 

will, in general, depend not only on the potential difference V,— V,’ 

at V,’ 
2 

of the points A and A’ above ground. This latter effect can be 

eliminated by adjusting the circuit to make 


C,_ Cr,’ 
C, aie C,* (5) 


which is to be measured, but also on the average potential - 
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When this adjustment is made equations (3) and (4) may be written 


V,—V,’ 1 
ViVi" R 


K-[1+(0,+0)) (a+ tar)+§ | 


and will be referred to as the reduction factor. Equation (6) shows that 
if the capacitances of the capacitors are independent of frequency 
the voltage divider will satisfy the second general requirement. 

The method of adjustment of the capacitors to satisfy equation (5) 
is suggested by equations (3) and (4), for if the potential V, is made 
equal to V,’, there must be no deflection of the cathode beam. This 
is true for all values of V,=V,’ only when equation (5) is satisfied. 

To obtain an expression for V, solve equation (1) for V,—V,’ and 
substitute in equation (5). This gives 


y._ V4 (Vi- Viu')(C3+ 03’) 
mre C; T CG fae Y 1 ry Ys j 1 i ] } C; 
sie oof H+ GGA OG | 


In a similar manner an expression is obtained for V,’ from equations 
(2) and (5) 


where 


, Y Y? 
(C3 + C;') (8) 


waa — 7 
on vi (oA ater | 


Equations (7) and (8) give the potentials of the two deflection 
plates to ground in terms of the applied potential to ground and the 
electrical constants of the voltage divider. The maximum value 
which V, and V,’ may have to satisfy the third requirement depends 
upon the limitations imposed by the oscillograph. For this reason 
they must be estimated or determined experimentally, in which case, 


C; 
= and 


it may be more desirable to solve equations (7) and (8) for ( 
J} 


C,’ (C, + C3") 


GC respectively, in terms of 0, 7, */. This solution leads 
1 J 


to the following relations: 


a3 77 (C3+C; Vata aah 
(0,3 
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alan aL (tO (G+¢)- 2| 
, (10) 


Leen. 3 77) +24 O1(4 + ta ip 
(ty!) (Va- Va!) , Vs" 
C,' A Pe 


If the maximum potentials V,, V,’, V, and V,’ are known approxi- 
mately, the problem is to determine the five variable capacitors so as 
to obtain the desired deflection of the cathode beam and at the same 
time satisfy the four requirements. Methods of making calculations 
will now be given, and to simplify the presentation four cases will 
be considered governed by the maximum potentials of V, and 
and a fifth case pertaining to the elimination of oscillations in the 
voltage divider. The five corresponding circuits will be designated 
hereafter as circuits 1, 2, 3,4, and 5. They are shown diagrammati- 
cally in Figure 2. 

An experimental study of these five circuits has been made at fre- 
quencies from 20 to 1,000 ke per second. It was found that at frequen- 
cles above 1,000 ke care must be taken in the design and selection of 
the capacitors and that the drop in the leads from the source to the 
voltage divider, as well as in the leads in the voltage divider itself 
become important. It was also found that resonance occurred in the 
vo a when voltage at 10* ke frequency was applied across 

{and A’. This was first observed when sparking occurred across 
the aiid of the capacitors C, and (,’, and later verified by connec- 
ting a milliammeter between A and ©,. At resonance the milliam- 
meter indicated a large current. 

To eliminate repetition, certain characteristics of the circuits in the 
five cases are given. 

1. To satisfy requirement 1 the maximum capacitance of C, was 
taken as 10 uuf. 

The cathode beam was deflected 1 cm at the photographic plate 
for each 250 volts applied to the horizontal deflection plates. The 
maximum deflection which can be measured is approximately 5.6 cm, 
so that V,— V,’ must not be greater than 1,400 volts. 

With a potential difference of 60,000 volts applied to the cathode 
tube the average potential gradient between cathode and anode is 
ee = 3,500 volts per centimeter. The distance between the two 
pairs of deflection plates is 11 mm, and to insure against appreciable 
leakage from one pair to the other the aver age potential gradient 
between them was arbitrarily limited to half of that between ‘cathode 
and anode. . The potential difference between the pairs of deflection 


3, > 11=1 925 volts. Since the 


maximum potential of the oscillator plate to ground may be +700 
volts but was usually 500 volts, the createst potential V, or V,’ 
should have is 1,925—500=1 425 volts. This is also the potential 
of V, when V, "=0 and the deflection of the cathode beam at the 
photographic plate i is 5.6 cm. 


plates was accordingly limited to - 
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4. The capacitance Q; in this treatment signifies the capacitance of 
the circuit metallically connected to one plate of the capacitor (, 
with respect to the circuit metallically connected to the other plate 
of C; with C;’ omitted. The capacitance C; was estimated to be 
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5. The capacitance C, signifies the capacitance to ground of the 
circuit consisting of the ungrounded plate of C, and the parts metal- 
lically connected to it, and C;’ has the corresponding meaning. It 
was estimated that when C, and C,’ had their maximum values of 10 
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uf each, the capacitances designated as C, and C,’ would not be less 
than 25 puf each, even though the capacitors C, and C;,’ were removed. 

Cirewit 1..V, and V,’ large—Let the maximum potential of A be 
10,000 volts and suppose that at the same instant A’ has a maximum 
potential of 6,000 volts. To simplify the problem make the circuit 
symmetrical; that is, C,=C,’, C,=C,’. 

If the value V,—V,’=4,000 volts be substituted in equation (6) 
it is found that in order to obtain a deflection of the cathode beam 
corresponding to 1,400 volts, K must be equal to 2.86. 

It does not follow that it is permissible to adjust the circuit so 
that K shall have this value, and it is found that with this value of 
K, it is not possible to satisfy the third requirement, concerning the 
maximum potentials of V, and V,’. It is therefore necessary to use 


| alarger value of K; that is, to work with less than the full deflection 


of the cathode beam. 

To find the smallest value of K which makes it possible to satisfy 
the first three requirements it is necessary to use equation (9). Sub- 
stituting in equation (9) the values 


e: 10,000 _ 44 V.—V,' _10,000—6,000 
i. ee Pils 1,400 
0. Cr+ Oy! 


and plotting @, versus "7 the curve shown at (a) in Figure 3 
rs 1 





= 2.86, C,=C,’ 


was obtained. From this curve may be obtained the value which 


ee C3+C;’ . ; ; 

must have when - a selected, or vice versa, in order that 

1 

V, shall be equal to 1,400 volts when V, and V,’ have their maximum 

values. If K is computed from curve (a) and the value plotted 
C; - C,’ 


versus 7 the curve shown at (b) is obtained. This curve shows 
‘1 


4] . ;, C3+C;’ 
that the smallest value of K is obtained when _ =0, and the 


Cs + Oy 


C;+C; C as small 
1 


value of K increases as C increases. ‘To make 


1 
as possible C;’ is made zero, and C, is given its largest value of 10 yuf. 


ee c+,’ 
(; is constant and equal to 25 uuf so that the smallest value of — wn 
‘1 


0+25 e C . 
The corresponding value of a,’ curve (a), is 5.52, 
1 


20, 
10 
hence O,=55.2 uuf and K=11.52. Substituting this value of K in 
equation (6), V,— V,’=347 volts, which is the maximum possible 
potential difference across the deflection plates when all the require- 
ments are complied with. 

Since this: corresponds to a deflection of less than 2 cm at the 
photographic plate it is worth while to consider whether this deflection 
could be appreciably increased by removing the restrictions on the 
values of V, and V,’. Plotting V, and V,’ as given by equations (7) 
and (8) with C, as the independent variable the two curves shown at 
a) and (6) in Figure 4 were obtained. Determining V,—V,’ from 
curves (a) and (6) for a number of values of QC, the curve shown at 
¢) was plotted. This curve shows that with the value 0,=(,'= 
10 wut, C3+C;’=25 upf, and the smallest value of C,=O,’=25 uuf, 


la 
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the greatest deflection which can be obtained at the photographic 
plate corresponds to 450 volts at the deflection plates. Curve (a) 
shows however that V, would be 2,500 volts, and since, as has been 
mentioned previously, the other pair of deflection plates may have a 
potential to ground of opposite sign and amounting to 500 volts, the 
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Curves 6 and d 
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Curves a and c show the 


re (3) 
potential difference between the pairs of plates might be sufficient to 
cause a discharge to take place between them. . 
The manner in which the capacitors (4, C,’, and C;’, may be varied 
to increase the deflection are obvious and need not be further con- 
sidered. 
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If V,’ becomes negative to V, the greatest voltage which may be 
measured is K(V,— V,’) =11.5 X 1,400 =16,100. Thus, if the absolute 
value of V, is not greater than 10,000 volts, V,’ may have any abso- 
lute value not exceeding 6,100 volts. Since the arrangement is sym- 
metrical the absolute potential V,’ may be 10,000 volts if the absolute 
potential of V, does not exceed 6,100 volts. 

Circuit 2. V, large, V,’ =0.—If computations for circuit 1 are made 
for V,=10,000 volts and V,’ =0, instead of 6,000 volts, the maximum 


~ 
X 
x 
§ 
So 
4 
J 


Curves for determining Vp and Vp’. 


4, 


S4/OA0]14 


potential difference across the deflection plates is 870. With the data 
given C, may be determined from equation (9). Curves (ce) and (d) 
are shown in Figure 3 with V,’=0, so that a comparison may be 
made with curves (a) and (6) which were calculated with V,=6,000 
volts. If C,, C,’ and C;+C,’ are given their smallest capacitance, 
25 uuf each, and Q,, C,’, their largest capacitance, 10 uyf each, the 


. 10,000 


greatest potential difference V,— V,’ is 10.25 975 volts. In order to 
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get a greater deflection it is customary to make C,’= o. Equation (3) 
becomes 


“¥) , 1 C; Ye | , u 
V.-V,=V roe + Oa +E |-Ve'[1++a(Z) | an 


and since V,’= V,’ =0 
om CQ; 


“CO +O,+ +O,’ (12) 


For all values of V,’ other than zero the relation expressed by (12) 
does not hold, and requirement 2 is not satisfied. The capacitance 
19+ C;+C,’ is now the capacitance of V, to ground and may be de- 
noted by Cg. Equation (12) may be written 


Va C; 
V, C+C, 


and the capacitance 


Co-0,( 44-1) (14) 


For example, if C; is limited to 10 uuf and V,=1,400 volts for the 
maximum deflection, then Cg =61.4 wuuf. 

Circuit 3. V, large, V,’ small.—Let the maximum potential differ- 
ence of V,—V,’ =10,000 volts, where V,’ may take any value from ( 
to 1,000 volts. Consider two possible arrangements of circuit 2 desig- 

nated (a) and (6): 

(a) In this arrangement C,=10 uuf, C;=25 uuf, C;’=0 and C,= 
Co — C;=61.4—25 = 36.4 pf. 

(b) In this arrangement C,=25 upf, which is the capacitance of the 
leads and capacitor plates to ground. C,=10 uwyf. Since Cg=61.4, 
C; T C,’ = =61. 4— 25 = 36. 4 - 

If V,’+0, equation (12) can not be used. Putting C,;/=e in 
equation (4) the following relation is obtained for the voltage across 
the deflection plates. 


ViGi — V,'(A+ G) 


7,—-V,'= 5 ; li 
} 7 1s OC" +O,+C; Oo C; ( Ps 


If the potentials to ground shown in columns 1 and 2 of Table | 


for V, and V,’ are substituted in equation (15), values for V, and 
V,—V,’ are obtained for the two arrangements. 


TABLE 1 


Va Va’ =V32’ 


| 10,000 | 0 
10, 200 200 
10, 400 400 

| 10,600 | 600 
10, 800 800 | 
11, 000 1, 000 
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These computations show that unless V,’ remains at ground 
potential the deflection is not proportional to the applied potential 
difference. 

When the magneto is used as a source of voltage V,’ is usually 
small compared to V, until the spark gap breaks down. If peak- 
voltage measurements are to be made the capacitance C,’ may be 


= i Table 
2 gives the values for V, and V,—V,’ using circuit 1 with the follow- 
ing capacitances. 

(c) Q.=C,/=10 ppf, C,=C,’ = 44. 3 puf, C3=25 uf and O,’= 
which are the same values given in circuit 2. 

(d) Qy=10 puf, C,’=60 wuf, C,=38.5 puuf, C.’=231 puuf, C;=25 
uuf, and C;’ =0. 


made large in which case (,’ is also increased so that 


TABLE 2 





(¢) 





Vs—Va'| Vs 


960 1, 400 
960 1, 600 


In both (c) and (d) the deflection is proportional to the applied 
potential difference. At low frequencies, arrangement (d) is superior 
to arrangement (c). At high frequencies the large capacitance of C,’, 
C;’ to ground which is ae x aoe will allow large currents to flow and 
the drop in the leads from A’ to CQ,’ and C;,’ to C,’ will affect the voltage 
across the deflection plates. At frequencies not greater than 10° ke 
this should not be serious when V,’ issmall. This circuit can be used 
to advantage when it is uncertain as to whether or not V,’ remains at 
zero potential. 

Circuit 4. V, and V,’ both small.— When V, and V,,’ are both small, 
but V,—V,,’ exceeds 1,400 volts, the capacitances C, and C,’ are made 
as small as practicable by omitting the two capacitors C, and (C,’. 

Substituting in equation (8) the limiting values previously men- 
_— a= C;’ =10 uf, C,= = C,/ =25 ul, and C3+ C;’ = 25 pul, 
fe y *,=1/8, which is the largest value //K may have with this 


4 
arrangement under the conditions specified. If C, and ©,’ are in- 
creased, Cr, Cr’ and (C;+0C;’) (a +a) become less, and 1/K in- 

C, C, CQ, C,’ 

creases. Rogowski, Wolff, and Klemperer: have described this cir- 
cult for which the capacitances of C,, (C3+C;’), and C,’ are much 

greater. 
Circuit 5. Aperrodic voltage divider circuit —If the voltage divider is 
used to measure Spark discharges, oscillations may be expected in any 


circuit where aX Such oscillations were present and the cir- 


‘Rogowski, WwW Volt, and Wiioatir: “Die Saccintneiiitien Kathoder vebittidbied hen,”’ Archiv fiir Elek- 
totechnik, vol. 23, p. 579, 1929-30. 
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cuit was made aperiodic by inserting resistors at (a) and (a’), ¢fig. 1 Bin 
ODEN |g f ‘ 
or 2) so as to make Dare where Z is the inductance of the lead 


C,C;, and C the smaller of the two capacitances C, and C3. In this & of 
manner requirement 4 is satisfied. di 
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2. RESISTANCE VOLTAGE DIVIDERS 


The resistance voltage divider arrangement is shown in Figure 5. Bsn, 
At low frequencies the impedance of the defiection plates is so higi 
compared with that of the portion R, of the voltage divider that only 
a small part of the current is shunted to the plates, so that the ratio 
of the voltage to be measured to that across the deflection plates 1 
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FIGURE 5 
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independent of frequency. ‘The difference in phase between the two 
is also small. Computations which follow show that in order to keep 
the reduction ratio constant as the frequency is increased, resistance 
of the divider must be decreased, and at frequencies found in spark 
discharges a suitable resistance would be so low as to prevent a spark 
passing across the gap. If the resistance has a small capacitance and 


‘inductance the relation becomes more complicated. When grid leaks 


are used for resistance the inductance is small, whereas the capaci- 
tance across the grid leaks when supported in holders becomes impor- 
tant at high frequencies. Neglecting the inductance of the resistors 
and their capacitance to ground, an equation showing the relation 
between the voltage applied to the divider and the voltage across the 
deflection plates may be determined in terms of the resistance and 
capacitance of each portion of the voltage divider. 

Let R, and R, designate the resistances of the resistors shown in 
the diagram of Figure 5, and let C, represent the capacitance of the 
resistor R,, and C, the combined capacitance of the resistor R, and the 
oscillograph deflection plates. The impedance of each branch may 


a Se 
“TH j0O Ry 


ibe written 


R, 


4 1 tjaOR, 


and Z,= 


where w is 2 x times the frequency nandj=~—1. The totalimpedance 
for the circuit is 
R, R, 


aT +500, * 1+j00sR, 


fand since E=JZ, where E is the voltage across the divider and J the 


current, the relation becomes 


lll 
E_ 1 +70O,R, 1 +jw00,R, 
Ey scecalllleiihes 

1 +jw0,R, 





which reduces to 


Ai A APSARA 16 
oi (GR: GR) | 


R, (1 +0O,R;*) 








Ey _ 1 
fe |* (1 40°C, CoRiRs) | h- 
VL Ra (1 +0C,R,) 
which expresses the relation between the voltage across the deflection 


plates and that applied to the voltage divider. 


If the resistance has no capacitance C,=0 and equation (16) 
reduces to 
E, 1 


Bs: viz + 1] + wR, si 


If O.R,=C,R2, equation (16) becomes independent of frequency 
since it reduces to 





(18) 
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These equations show that whether i will increase, decrease, or 

not change with frequency depends upon the values of 2, R., CQ, and 
: OR 

C,. Putting r= OR,’ R,=8 X 10° ohms, R, = 2X 10° ohms, C, = 20 yy, 
and assigning to C, the values of 0, 5, and 10 wuf so that r takes the 
corresponding values of 0, 1, and 2 the curves shown in Figure 5 
were obtained. In these curves (a) was plotted from equation (17), 
showing that the ratio decreases very rapidly with increase in frequency, 
As w increases without limit E approaches 0. Curve (6) is a plot of 
equation (18) which shows that the voltage divider is independent 
of frequency when r=1. Curve (c) is a plot of equation (16) and 


7 
4 


) 


shows that the ratio BE increases with an increase in w. As uw 


uM Y 


E, ee C; 
approaches o,-;, approaches the limiting value O.6, 
= 4i T\2 


If the capacitance C; is assumed to be so small it may be neglected 
; ; Ey 
computations from equation (17) show that in order that 7 = 0.2 
shall not diminish by more than 5 per cent (or not be less than 0.19), 
w°C?R,? must not be greater than 2.56. Since C,=20x 10~"f (whicl 
; “ Ps | 
includes the leads as well as the deflection plates), w?f,?=2.56 «— 
, : . 10° , 6.4107 i a 
=6§.4xX107. If w=10' or n= — R= 10" =6.4X10'. There- 
av L 
fore, R;=8,000 ohms, R,=2,000 ohms and &, +R,=10,000 ohms, 
which is the maximum resistance which may be used at a frequency 
10° ' m . 
of 5=— or approximately 1,600 kc. Such a resistance across the gap 
a7 
would prevent sparking. Silsbee? has shown that a resistance 0! 
5 10* ohms is so low as to seriously affect the character of the dis- 
charge and might aetually prevent the occurrence of a spark. [or 
high-compression engines such as are in use to-day the resistance must 
be much greater than this. Such low resistances are objectionable in 
this work because they affect the character of the spark. At timesit 
may happen that fouling of plugs will reduce the resistance across 4 
spark plug to 5X 10* ohms, but this is a special condition, and while 
an interesting one, should not be a limiting condition of the problem 
The remainder of this report is devoted to an experimental study 
of the theory developed in this and the preceding sections, together 
with a discussion of oscillograph technique and the calibration of the 
voltage divider. 


IV. DESCRIPTION OF APPARATUS 


The cathode ray oscillograph was of the high-voltage cold-cathode 
type. The cathode was operated at approximately 60,000 volts, the 
supply being the secondary of a high tension transformer. The 
primary was connected through rotary switches to a 60-cycle 110-volt 





2 Silsbee, N. A. C. A. Report No. 241, Electrical Characteristics of Spark Generators for Automot\t 
Ignition, p. 27. 
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supply, the switches being operated by a synchronous motor driven 
from the same source. The switches were constructed so that the 
60,000 volts was applied to the cathode on the negative half cycle, 
either once in 20 cycles or once in 100 cycles. For the present 
investigation the slower rate of excitation was used. 

The cathode tube (ED, fig. 6) was modified so that the cathode 
could be removed and polished. This was made possible by fusing 
the tungsten rod supporting the cathode to the movable portion of 
the ground joint as shown in the figure. The diaphragm D was 
mounted in the glass tube so that both the cathode and diaphragm 
moved together. 

The deflection tube has two pairs of deflection plates, one pair 
horizontal and the other pair vertical. They are shown at A and B 
in Figure 6. Cis a coil which produces a magnetic field deflecting 
the cathode beam in a horizontal direction. If observations are to 
be made at low frequencies the voltage is applied to plates A, producing 
a vertical deflection. If, at the same time, the cathode beam is swept 
across the field by the magnetic sweep C, a record is obtained which 











Aw Herizontal Plates 
8-Vertical Plates 


Figure 6.—Diagram of cathode ray oscillograph 


shows the variation with time of the voltage across the deflection 
plates. An oscillator with a range of 20 to 1,000 ke was supplied 
with the oscillograph. If this oscillator is connected to plates A and 
the sweep actuated, a sine wave is obtained. For high frequencies 
the voltage to be measured is connected to plates B, and superimposes 
upon the sine wave a horizontal deflection proportional to the voltage 
across the plates. The sine wave then gives the time coordinate. 

With 60,000 volts applied to the cathode the deflection of the beam 
at the photographic plate is approximately 1 cm for each 250 volts 
applied to the horizontal deflection plates. The maximum cathode 
beam deflection which can be photographed is 5.6 cm, thus limiting 
the useful voltage across the deflection plates to about 1,400. 

The longest time required to sweep the beam across the photographic 
plate is 1,200 microseconds, and when necessary a faster sweep Is used. 
If the spark discharge is to be photographed in the center of the film 
the magneto has to be timed accurately. This is accomplished by 
driving the magneto with the synchronous motor through a set of gears. 
Adjustment of the gears allows for approximate timing, and the final 
adjustment is made with the timing device on the magneto. The 
magneto is radio shielded and was designed for use with 12-cylinder 
urcraft engines, 


122486—32——_7 
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Figure 7 is a photograph showing the arrangement of the five 
capacitors C;, C,’, C2, C2’, and C3’. C; and C,’ are two high-voltage 
radio transmitting capacitors. The range of capacitance is from 
10 to 80 wuf. C, and C,’ are two high-voltage radio transmitting 
capacitors having a range of capacitance from 40 to 300 uuf. Since 
the maximum voltage across C, and C,’ is 1,400, it is not necessary to 
use high-voltage capacitors. It is necessary to keep the leakage of 
the portion of the circuit called C, and C,’ in Section III small, and 
this requires that the capacitors in the circuit have a high insulation 
resistance. Since the high-voltage capacitors had a much higher 
insulation resistance than the low-voltage capacitors which were 
available, the former were used. C3’ was made by removing alternate 
plates from a low-voltage capacitor and supporting as shown in the 
photograph. The range of capacitance was 10 to 80 uuf. 

To further reduce leakage the bakelite binding posts were removed 
and the lead wires brought to the oscillograph through 1-inch holes 
in the case. This at first seemed an unnecessary precaution, but it 
was found that the resistance of the binding posts to ground was much 
less than that of the remainder of the insulated circuit. In magneto 
discharges a small potential difference remains across the gap between 
discharges, and although the discharges alternate in sign, this addi- 
tional leakage through the binding posts was sufficient to noticeably 
affect the results. 

The five circuits may be obtained by simply removing or short 
circuiting the necessary capacitors. In circuit 5 the resistors are 
inserted at (a) and (a’). 

The leads shown at AD and A’D’ should be fixed when the voltage 
divider is adjusted so that they will not be disturbed while making 
measurements. Changing the position of the leads will unbalance 
the circuit and the results will be misleading. The method of balanc- 
ing has been mentioned under Section III, and will be further 
discussed in Section V. 

Figure 8 is a sketch of another arrangement used for circuit 3. The 
brass cylinder B was threaded and screwed to the binding post 
protruding through the bakelite bushing BH. This bushing passed 
through the case of the oscillograph. A is another brass cylinder 
larger than B, and the capacitance between A and B was changed 
by sliding the brass rod C through the bakelite bushing #. F was: 
grounded brass cylinder surrounding the capacitor. Leakage to 
ground through BH is objectionable for reasons previously given. 

A better arrangement is to place the brass cylinder B, together 
with the other parts of the capacitor inside of the oscillograph case 
The small leakage through the bakelite bushing will cause very little 
change in the spark discharge. 

The resistance type of voltage divider was made of a number of 
resistances connected in series. The advantage of using a number 0! 
low resistances in series rather than a single high resistance is that 4 
breakdown is less likely to occur and the capacitance of the unit !s 
less, provided the same type is used for both the high and low resist- 
ance. However, this increases the capacitance to ground. This 
capacitance to ground may be reduced by suspending the resistor 
away from all metal by means of silk threads. 

The spark gap used in most of the preliminary work consisted 0! 
two spheres in air. The spheres were 2 cm in diameter with a scre¥ 
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'iGureE 14. 


Magneto spark discharge 
in COsz at 


FiGuRE 13.—Slope 


of traces shows the 


75 pounds pressure 
(circuit 1) 
reduction ratio of 

circuit 4 rs the 

same at 20 and 

1,000 ke 





Figure 15.—a’ 


, Magneto spark discharges in 
CO, at 15 pounds pressure; 6’, circuit arrange- 


ment used in obtaining osciilogram 
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adjustment to change the gap opening. Later, measurements were 
made using an aviation spark plug in an atmosphere of CO, at pres- 
sures of 15, 75, and 135 Ibs./in.? (absolute). The spark plug was 
screwed into the end of a brass cylinder about 4 inches long and 2 
inches in diameter which was provided with a quartz window for the 
purpose of observing the spark. 1 

Measurements of the high voltages used in calibrating the oscillo- 
craph were made with an electrostatic voltmeter having a range of 
) to 10 kv. A kenotron with an upper range of 30,000 volts was 
placed in series with the spark gap and voltmeter to ground. 


K 



































FiGurE 8.—Arrangement for circuit 2 


V. EXPERIMENTAL RESULTS WITH CIRCUITS 1 TO 5 


1. METHOD OF BALANCING VOLTAGE DIVIDER TO SATISFY 
EQUATION (5) 


Before oscillograms showing the variation in voltage are taken it is 


necessary to balance the capacitance voltage divider as previously 
Y YY? 

‘2 
< 


C,! . wo P 
=@7 is satisfied. Since the method 
1 


explained, so that the condition : 
1 


of balancing is the same for circuits 1, 3, 4, and 5 only one set of 
oscillograms showing the circuit unbalanced and balanced will be 
given. 

_ With the two lead wires from the divider (fig. 1) connected to the 
insulated side of the sphere gap, and the horizontal deflection plates 
in use, the oscillogram shown in Figure 9 was obtained for circuit 4. 
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For correct adjustment of the position of the tube there would be no 
overlap of the beam as shown at (a, 6). This adjustment will be 
discussed later. 

Figure 10 is an oscillogram showing the apparent difference in 
potential between the two lead wires when C, is considerably greater 


Y / 
than C,’. Figure 11 shows the result when the condition ano is 
1 1 


satisfied. 

It will be understood that subsequent oscillograms pertaining to 
these four circuits were taken after the circuits had been balanced. 
It is not necessary to balance circuit 2. 


2. EXPERIMENTAL VERIFICATION OF REQUIREMENT 2 AND 
EQUATION (6) 


Requirement 2, which is expressed by equation (6), states that if 
the voltage divider is balanced and a potential difference is applied 
to the leads A and A’ (fig. 1) a plot of peak voltage versus cathode 
beam deflection should give a straight line passing through the origin. 
This is shown to be the case for circuits 1, 3, 4, and 5 by the straight 
lines shown in Figure 12, at (a), (6), (c), and (d), respectively. These 
lines were obtained by applying a known potential difference to the 
terminals of the voltage divider and measuring the deflection. The 
voltage was supplied by the magneto over a range of 2,000 to 10,000 
at a frequency of about 20 ke. The details as to the manner of making 
the calibration will be given in Section VIII. i 

Equipment was not available to extend the measurements of 
Figure 12 to higher frequencies, but it was possible to determine 
that the ratio of the voltages was constant in this range by the use 
of the oscillator. The procedure follows: 

The leads from the oscillator were connected to the horizontal 
plates, to give a vertical deflection. Another pair of leads was con- 
nected from the oscillator to the voltage divider, the divided voltage 
being applied to the vertical deflection plates so as to produce a 
horizontal deflection. If the ratio of the applied voltage to the 
reduced voltage is constant, the trace of the cathode beam must be 
a straight line. If the ratio is to be independent of frequency the 
slope of the line must not change with frequency. In Figure 13 are 
shown two traces of the cathode beam. The straight line (a) was 
photographed at 20 ke. and (b) was photographed at 1,000 ke. As 
closely as measurements can be made these lines are parallel. These 
traces were photographed with circuit 4, but similar results were 
obtained for circuits 1, 3, and 5. Circuit 2 was not tested. 

In each of these four circuits, C, and C,’ were selected so that the 
voltage divider did not materially change the characteristics of the 
circuit (requirement 1). Figures 12 and 13 show that the deflections 
of the cathode beam are proportional to the applied voltage and that 
this proportionally does not change with frequency (requirement 2). 
By proper selection of C, and C,’ the potentials of the deflection 
plates to ground were kept within the required limits (requirement 
3). The absence of oscillations in the circuit (requirement 4) may 
best be determined by examining oscillograms of the spark discharge. 
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3. OSCILLOGRAMS SHOWING THE VARIATION OF VOLTAGE IN MAG- 
NETO SPARK DISCHARGES 


In Figure 12 straight lines were drawn showing the relation between 
7,-V4' and the corresponding deflection of the cathode beam. 
These calibrations were made before the oscillograms shown in the 
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remainder of this section were taken. For this reason values of K 
computed from Figure 12 may not agree with those which follow, 
ince in the latter they were selected so as to give a large deflection 
when the spark discharge took place at a pressure of 135 pounds. 


With this setting of the capacitors, oscillograms were taken with 
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circuits 1, 3, 4, and 5, to show the variation of voltage across a spark 
plug in CO, gas during discharge. Pressures of 15, 75, and 135 

ounds were used. All pressures are expressed in pounds per square 
inch absolute. The oscillograms for circuit 2 were taken with the 
spark plug in CO, gas at 15 pounds pressure as well as with a sphere 
gap in air at atmospheric pressure. 

In the case of circuit 4 the capacitors were purposely selected so 
that Vz was greater than 1,400 volts at the higher pressures. This 
was done to show the necessity of keeping Vz small. 

Throughout this section only representative oscillograms are given 
for each circuit. It will be understood that for oscillograms similar 
to that shown in Figure 14 the magnetic sweep provides the time 
coordinate. For oscillograms similar to that shown in Figure 17 
the oscillator provides the time coordinate. 

Circuit 1—The approximate capacitances of the six capacitors 
follow: 

C,=C,’ =10 pyuf, C,=C,’ =65 yf, C;=15 wuf (this was found by 
measurement to be nearer the true capacitance than 25 yyf, which 
was assumed in the computations), C;’=10 puyf. 

Figure 14 is an oscillogram showing a spark discharge in CO, at a 
pressure of 75 pounds. This figure shows traces of the cathode beam 
below the sweep line which correspond to a potential of more than 
twice the breakdown voltage of the gap. These traces are due to 
oscillations in the potential divider. From this it follows that cir- 
cuit 1 does not satisfy requirement 4. 

Circuit 2.—(a) With the arrangement shown in Figure 2, circuit 2, 
the capacitances of the six capacitors were approximately CQ, = 10 yuf, 
Q,=0, C,=25 puf, C.’=15 puf, C;,=15 wuf, C;’=0. Since C,' i 
small the voltage drop between V,’ and the deflection plate may be 
neglected. 

In Figure 15, (a’) is an oscillogram taken with circuit 2 to show the 
variation in voltage across a spark plug in CO, gas at 15 pounds pres- 
sure using the arrangement shown at (b’). The capacitor C shunted 
across the spark plug and the inductances L,, Z;, and LZ,’ had a capaci- 
tance of 2,800 uuf. The inductances designated by L, and L,’ repre- 
sent the inductance of the leads in the parts of the circuit indicated. 
The inductance of each Z, and L,’ was approximately 1 wh. Lz, wasa 
coil having an inductance of 3 uh. 

This oscillogram was taken with the horizontal deflection plates 
connected to the voltage divider. At (a) the voltage began to in- 
crease and continued to increase until it reached (d), where a discharge 
took place across the spark plug. During the discharge the voltage 
drop across the spark plug should be small because the resistance o! 
the gap issmall. The fainter traces at (2’, y’) etc., indicate a voltage 
drop across the plug much greater than the breakdown voltage o! 
the gap. An explanation of these large deflections follows. 

If during the discharge V,—V,’ is small the traces shown by 
(x’, y’) ete., can not come from the voltage drop across the spark gap, 
and should, therefore, appear if both leads of the voltage divider ar 
connected to the same side of the spark gap. Figure ‘16 (b’) shows 
diagrammatically the circuit arrangement used in obtaining the oscil- 
logram shown in Figure 16 (a’). The traces (x’, y’) etc., are present, 
and while measurements show that they are slightly larger i in Figure |: 
(a’) than in Figure 16 (a’) this is to be expec sted beet ause in the first 
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Blackburn 


case V, diffe rs by a small amount from V,’ and in the second V,= V,’. 
Thi ut this is so becomes apparent from equation (15), 


V. war V,' (C,+ C2) 


eh ae es es eae 


for if V,=V,’ the voltage V,—V,’ across the deflection plates will be 
greater or less than 


a C, ieee 
O14, + O,+ Cy’ 


which is the value resulting from equation (15) when V,= V,’. 

An inspection of the circuit diagram shows that during the dis- 
charge of the capacitor C, the drop in (L,’ + Z;) will make V,’ different 
from ground potential. V,! has been measured and found to be 2,300 
volts. Substituting this value of V 2 In equation (15) for the circuit 
arrangement shown in Figure-16 (6’) 


-V,' C, — __ — 2,300 25 _ 
” +O,+G,+ 0,’ 50 


’ 

This corresponds to a deflection of eo =4.6 cm, which agrees 
with the measured value of 4.7 cm for (y’). The measured length of 
(r’) is 4.5 em. 

The faint trace (x, y) is attributed to conditions arising from the 
breakdown of the gap in the distributor. Figure 15 (a’) shows that 
when the gap breaks down the potential of the circuit increases so 
rapidly that the cathode beam leaves only a faint trace. This is 
shown by the separation at (a). This sudden application of voltage 
causes an appreciable difference of potential between ground and 
V,’.. The measured deflection of the cathode beam is 2.0 em (fig. 16 
(a’)), which corresponds to a voltage across the deflection plates of 
—V,' X25 

500 
V,’= —1,000 volts at the instant the distributor gap breaks down. 

Figure 16 (a’) shows that (a, d) is horizontal, and indicates that 
V,’ is zero before the spark gap breaks down. Equation (12) may 
then be used to compute V,—V,’ from Figure 15 (6’). 

Figure 17 is an oscillogram showing the traces (z’, y’) etc., spread 
out to show the nature of the oscillations. The oscillator operating 
at 20 ke was used to provide a time coordinate. The oscillogram was 
taken by connecting the deflection plates directly across a small por- 
tion of the lead L,’.. The average frequency obtained from measure- 
ments made on this and similar oscillograms was 1.1 X 10° ke. Neglect- 
ing the effect of the magneto the computed frequency of the circuit 


V,-— — 1,150 volts. 


2.0 250=500. Substituting in equation (15), 500= or 


1 . ‘ 1 
wy C(L, + L,’ + Ds) 7 28/2 28 x5 
+ L225 xX (108 ke 


’ Vay Va ’, Ls, L;) isn => ‘ 


which agrees with the measured value since the inductors L,, Ly’, 
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and L; were only approximately determined. The maximum current 
in the circuit is 


—7y7—— 
a ae. eae / 
V (L, + L'+Zs) \ 
where F is taken as 3,000 volts, since it is the peak potential difference 
across the spark plug. 
The drop in voltage between (g) and A,’ using the computed 
frequency (since the computed current was also used) is 


V,! — V,=oLI=22x X 1.25 X 10° 4 x 10-* X 71 = 2,230 volts 


2,800 X 10 _ 71 amperes 
5X10* anes 


which agrees with the measured value of 2,300 volts if (g) is assumed 
to be at ground potential. 

It may be well to mention at this time that the portion of the 
circuit shown grounded, is the magneto. During the discharge of the 
capacitor the magneto base may not remain at ground potential 
although grounded to a water pipe with a copper strip. This depar- 
ture from ground potential becomes more pronounced as the capacit- 
ance and inductance of the circuit are decreased. With circuit 
constants sufficiently small, so that 7 =10* ke, the maximum potential 
of the magneto to ground was found to be 750 volts. No measure- 
ments were made of the potential difference between the magneto 
base and ground, or between (g) and ground, with the circuit shown 
in Figures 15 (6’) and 16 (6’). At this relatively low frequency, 
1.25 10° ke, the drop in voltage between the magneto base and 
ground, or (g) and ground would be much less. 

If better agreement were desired between the computed and 
measured values of V,’, the potential of (g) to ground would have 
to be determined and the result added to 2,230 volts. 

(6) The capacitance of the arrangement shown in Figure 8 meas- 
ured from A to B was approximately 20 uuf. The measurement 
included C, as well as the capacitance to ground which in this type of 
capacitor is relatively large as compared to Q,. Figure 18 is an 
oscillogram taken with the same circuit arrangement as shown in 
Figure 15 (b’), except a sphere gap was used instead of a spark plug. 
It will be noted that the deflections (z’, y’) are not vertical. This 
will be discussed later. 

Circuit 3.—The approximate capacitances of the six capacitors used 
in circuit 3 are: C,=10 puf, C,’=70 uf, C,=25 puyf, Co’ =175 ppl, 
C;=15 upf, and OC,’ =25 uuf. 

The oscillogram shown in Figure 19 represents a spark discharge in 
CO, at a pressure of 135 pounds. It shows very clearly just what i: 
taking place between the secondary of the magneto, the gap in the 
distributor, the lead from the magneto distributor, and the spark 
plug. 

The sweep line KL was taken with the four deflection plates 
grounded. The horizontal deflection plates were then connected 
to the voltage divider and the cathode beam swept across the photo- 
graphic plate until it reached (a) where the contact in the primary 
circuit was broken. 

After the contact was broken the series gap in the distributor o! 
the magneto broke down, and this raised the potential difference 
across the gap to the voltage indicated at (6). This increase was s0 
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FIGURE 19. 


FIGURE 21. 


FIGURE 
CO, at 


22 
13 





Magneto spark discharge in 
CO, at 135 pounds pressure 


(circuit 3) 


F 





IGURE 20.— Magneto 
spark discharge in COz 
at 15 pounds pressure 
(circuit 4) 


Magneto spark discharge in COz 
at 75 pounds pressure (circuit 4) 


-Magneto spark discharge in 


5 pounds pressure (circuit 4) 
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FiaurRE 23.— Magneto spark 


discharge in CO, at 75 


pounds pressure (circuit 5) 


FIGURE 24.— Magneto spark 
discharge in COz at 135 


pounds pressure (circuit 5) 





Figure 25.— Magneto spark discharge in COz 


at 135 pounds pressure (circuit 5) 


iff 


Figure 26.—Magneto spark discharge 
in COz at 15 pounds pressure (cir- 
cuit 5) 
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FIGURE 27 FIGURE 28 


Change in reduction ratio and phase of applied voltege to the divided voltage using 
resistance voltage divider. 


FIGURE 29 FIGURE 30 


Change in reduction ratio and phase of applied voltage to the divided voltage using 
resistance voltage divider, 
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Ficure 3l FIGURE 32 


Change in reduction ratio and phase of applied voltage to the divided voltage using 
resistance voltage divider. 


FIGURE 34.—Sym- 
metrical wave 


form — resulting 


FIGURE 33 from proper cath- 


Deflections (a) and (b) show the effect of improper ode tube align- 
cathode tube alignment. The vertical deflection . 
at (c) indicates a correct alignment. ment 
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rapid that the cathode beam left no trace. The gap remained broken 
and the voltage increased to (c) when the series gap broke down, 
healed, and broke down again until the voltage across the gap was 
indicated by (d), where it healed again. The series gap again broke 
down and with this small increase in voltage the spark plug gap 
broke down. The voltage then dropped so rapidly that again the 
cathode beam did not leave a trace. At (e) there is an indication 
below the sweep line of a small voltage. The spark gap in the magneto 
broke, and a series of discharges took place across the gap until the 
voltage indicated at (f) was reached. The voltage in the magneto 
probably increased slightly, but not enough to break down the gap 
in the magneto. The voltage across the spark plug remained con- 
stant until finally the magneto voltage began to fall, and a discharge 
took place from the spark plug circuit to the magneto. This continued 
until (A) was reached where the potential difference between the mag- 
neto and the spark plug circuit was too small to further break down 
the gap and the potential at (h) remained on the spark plug. This 
voltage is also shown to exist across the spark gap when the sweep 
first appears on the left side of the oscillogram. 

Circuit 3 shows no oscillation, so it satisfies requirement 4. It 
may be used where the large capacitances C,’ and C,’ are not objec- 
tionable. 

Circuit 4.—The approximate capacitance of the six capacitors are 
C,= 0, =20 uuf, Ch =C,’ =25 wf, C3=15 uf, Cy’ =75 ppl. 

The capacitances of C, and C,’ were increased to 20 uuf to bring out 
the effect of increasing V, andV,’. 

Figures 20, 21, and 22 are oscillograms representing spark dis- 
charges at pressures of 15, 75, and 135 pounds, respectively, in CO, gas. 
For these photographs the oscillator provided a time axis. The 
voltage to be measured was applied to the vertical plates. The photo- 
craphs are lettered in the same manner as in Figure 19. These 
photographs show that oscillations are set up in the voltage divider 
and requirement 4 is not satisfied. 

In Figure 21 the peak potential of V, is approximtely 1,770 volts 
and in Figure 22 it is approximately 2,750 volts. The effect of this 
increased voltage is shown at (g) and (hk). These traces indicate 
voltages on the deflection plates connected to the oscillator greater 
than the voltage of the oscillator. They are similar to those which 
appeared in Figures 9, 10, and 11 on the horizontal plates. These de- 
lections are spurious, and are probably due to a potential field set 
up between the deflection plates B and their surroundings. 

_ Cirewit 5 —The approximate capacitances of the six capacitors used 
In circuit 5 were: C,=C;’ = 10 pul, C, = C,’ = 65 up, C;=15 unl, 
(;'=0. Five hundred ohm resistors were inserted at (a) and (a’). 

Figure 23 is an oscillogram showing the variation in voltage, 
the discharge taking place in CO, gas at 75 pounds pressure. The 
long faint traces which appear in Figure 14 are not present in this 
photograph. The faint traces appearing below the heavy traces are 
probably due to slow electrons, since similar faint traces may be found 
it maximum voltage of the oscillator. (See fig. 25.) 

Figures 24 and 25 are oscillograms representing spark discharges 
it 135 pounds pressure. Faint traces due to oscillations in the voltage 
divider are absent in these photographs. Figure 26 is an oscillogram 
taken with circuit 5 under the same sparking conditions as the os- 
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cillogram shown in Figure 15 with circuit 2. The oscillations in the 
voltage divider which are pronounced with circuit 2 are not present 
with circuit 5. The faint traces appearing at peak voltage are due to 
the slow electrons in the cathode beam. 

Figure 25 shows a progressive shortening of the oscillator amplitude 
as the voltage across the vertical deflection plates increases. This 
will be discussed in Section VII. 


VI. EXPERIMENTAL RESULTS WITH RESISTANCE 
VOLTAGE DIVIDERS 


It was shown theoretically in Section III that on account of the 
effective capacitance of resistors and their supports at high frequen- 
cies, the reduction ratio of a resistance divider, in general, changes 
with the frequency. Oscillograms to illustrate the change in reduction 
ratio as the frequency is varied are shown in Figures 27 to 32. The 
oscillator voltage was applied directly to the horizontal plates and the 
reduced voltage to the vertical plates. In each case the total resistance 
was R,+ R,, and the vertical deflection plates were connected across 


2° 

With R, consisting of two 500,000-ohm grid leaks in series and R, 
of two 150,000-ohm grid leaks in series, the oscillogram shown in 
Figure 27 was taken at 20 ke and that in Figure 28 at 850 ke. The 
reduction ratio measured from Figure 27 is 0.35 while from Figure 28 


it is 0.47. The low frequency reduction ratio, oy , is 0.23. 


1 2 
The oscillograms shown in Figures 29 and 30 were taken at 20 and 
1,000 ke, respectively, with R,;=15,000 ohms (a 10,000-ohm and a 
5,000-ohm grid leak in series) and R,=4,000 ohms (two 2,000-ohm 


grid leaks in series). R St = =(0.21. The reduction ratios measured 
1 2 


from the oscillograms are 0.20 and 0.30, respectively. 

The oscillograms shown in Figures 31 and 32 were taken with wire- 
wound resistors, with R,=75,000 ohms (a single resistor) and f,= 
15,000 ohms (a 10,000-ohm resistor in series with one of 5,000 ohms). 

= =0.17. The measured reduction ratios are 0.17 at 20 ke and 
R, i R, 

0.29 at 1,000 ke. 

It is generally impossible to arrive at these reduction ratios by using 
equation (16), since neither C, nor C, are accurately known. Further- 
more, equation (16) does not take into account capacitances to ground 
It is sufficient for the purposes of this discussion to show on the 


:' . Ee ; . 
theoretical side that the ratio Fr may either increase or decrease with 


increase in frequency of the applied voltage and to show on the expet'- 
mental side that this ratio does vary with the frequency. 


VII. OSCILLOGRAPH TECHNIQUE 


In connection with the study of voltage dividers, certain details in 
the technique of cathode-ray oscillograph operation were found to be 
important. Some of these are mentioned in the literature of the 
cathode-ray oscillograph, but because of their importance it sees 
desirable to consider them more in detail at this time. 
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1. ALIGNMENT OF THE CATHODE TUBE 


The usual method of aligning the cathode tube is to place the 
bright spot in the center of the photographic plate. This means that 
the active spot on the electrode, the small opening or diaphragm 
through which the electrons enter the deflection tube and the center 
of the photographic plate are in a straight line. In the deflection 
tube the cathode beam must travel between two sets of deflection 
plates. When a voltage is applied to the plates an electrostatic field 
exists with respect to the surroundings. If the deflection plates and 
surroundings are symmetrical with respect to the cathode beam, the 
electrostatic field will have a kind of symmetry that will produce no 
deflection of the ray except that which is normal to, and caused by, 
the difference of potential between each pair of plates. If the field 
is not symmetrical, the voltage applied to each pair of deflection 
plates will produce a deflection made up of two components, one 
normal and one parallel to the plates. 

If the two vertical deflection plates B and one horizontal plate A 
shown in Figure 6 are connected to ground and a voltage applied to 
the second horizontal plate shown at A, the deflection with the usual 
adjustment of the cathode tube will generally show a negligible 
horizontal component. If plates A are used with a voltage divider, 
such as circuit 4, the difference of potential between the plates may 
be small in comparison with the difference of the potential between 
the plates and ground. In this case, the horizontal component may 
be as great as, or greater than, the vertical component. This effect 
is shown in Figures 9 and 10, where the tip of the deflection is not 
vertically above or below the break in the sweep. Figure 11 shows a 
horizontal deflection although the indicated potential difference 
between the platesis zero. By swinging the cathode tube horizontally 
a position was found where the tip of the deflection did not extend 
more than 1 mm beyond the break in the sweep line. With circuit 
4 it was impossible to eliminate this effect entirely when Vz and V;’ 
were large. 

Another example of incorrect alignment of the cathode tube is 
shown in Figure 18. The lines (z’, y’) etc., may be made normal to 
the horizontal deflection plates by swinging the cathode tube hori- 
zontally. The traces (x’, y’) etc., in Figure 15 (a’) shows the tube 
alignment greatly improved. To determine whether or not the 
cathode tube is correctly aligned for a particular set of conditions the 
following procedure may be used. 

With the four deflection plates at ground potential and the sweep 
demagnetized the cathode tube is adjusted until the spot appears in 
the center of the fluorescent screen. The horizontal plates are con- 
nected to the voltage divider and the divider balanced as previously 
described, after which the leads to the divider are connected across 
the spark gap. If now a spark discharge takes place across the gap 
the electrostatic field between the deflection plates and the surround- 
ings is that which will exist during the photographing of the discharge. 
By swinging the cathode tube horizontally, a position will be found 
where the deflection is vertical. In Figure 33, (a) and (b) show the 
tube out of alignment while (c) shows the tube aligned horizontally. 
The oscillograms were taken with circuit 4. A corresponding pro- 
cedure is followed for the vertical alignment. It is well to check 
both alignments after the adjustments are completed. 
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Figure 34 was taken after alignment of the tube by this method. 
It will be noted that point (O) falls midway between (K) and (LZ), 
This method of alignment may not always be the most desirable, 
because if the horizontal plates are not parallel to the trace produced 
by the magnetic sweep, or the vertical plates not perpendicular to 
this trace, the adjustment will displace the cathode tube so that the 
bright spot is considerably displaced from the center of the photo- 
graphic plate. For measuring potential differences a small slope is 
not objectionable unless it is desired to determine a relation between 
the rate of increase and decrease of the voltage. In most cases it is 
possible to correct for the small slope. When itis desired to determine 
the instantaneous relation between current and voltage, using one pair 
of plates to measure the voltage and the other pair to measure the 
potential difference across some reactance, the pattern photographed 
is usually so complicated that it is difficult to make corrections for 
both pairs of plates. It is this latter problem that led to the method 
given above for the adjustment of the cathode tube. In Figure 34 
the bright spot is above and to the left of the center of the photo- 
graphic plate. 


2. SENSITIVITY OF THE CATHODE BEAM 


It is well known that the sensitivity of the cathode beam to either 
an electrostatic or an electromagnetic field changes with the cathode 
voltage. The maximum voltage which may be applied to the cathode 
before a discharge takes place is limited by the pressure and composi- 
tion of the gases in the cathode tube. Indirectly, then, the sensitivity 
of the cathode beam depends upon the pressure and composition of 
gases. In measuring voltages it is therefore necessary to know that 
the electrostatic sensitivity at the time of photographing the phenom- 
ena is the same as at the time of calibration, or else to have available 
a ready means of determining the sensitivity. 

Measurements made with a hot-wire pressure gauge can not be 
relied upon to determine sensitivity if the photographic film has not 
been thoroughly out gassed. Unless this out gassing is carried out 
in a separate container before the film is placed in the oscillograph a 
great deal of time is lost. The procedure generally followed until 
this portion of the work was undertaken was for the observer to reduce 
the pressure until the sweep line appeared dotted and then allow the 
pressure to increase until the line appeared solid. At this time the 
photographs were taken. Working in this manner with a film which 
had not been out gassed the sweep first appeared dotted with a gauge 
reading of 54 on film 1 and a few minutes later the sweep first appeared 
dotted with a gauge reading of 42 on film 6. In common with other 
investigators the practice was adopted of photographing the sweep 
with a known voltage across the horizontal plates immediately after 
photographing the phenomena, and using this line as a measure 0! 
sensitivity. 

This same idea was used to indicate visually the sensitivity before 
photographing. The deflection plates, oscillator, and a source of 
known voltage were connected to a double-pole double-throw switch 
so that either the oscillator or known voltage could be applied to the 
deflection plates. About 1 centimeter below the top of the fluorescent 
screen a narrow line was drawn with willemite. When a vacuul 
was obtained which gave a good solid sweep the known voltage was 
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adjusted until the sweep passed through the willemite line. This line 
appeared green against a bluish background. 

To control the sensitivity it is only necessary to apply this voltage 
to the deflection plates and adjust the vacuum until the sweep passes 
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FIGURE 35 
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through the willemite line. The voltage was supplied by a small 
‘ 4 al . , . Se 

ree A T and rectified by the kenotron K as shown in Figure 35. 
ie double-throw switch S, was arranged so that the transformer or 


magneto could be connected to the kenotron. V, is an alternating 
“urrent voltmeter used to indicate the voltage drop across the primary 
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of the transformer. By changing the resistance 2; to compensate for 
changes in the 110-volt supply a constant voltage was supplied to the 
primary. It was assumed this maintained a constant secondary 
voltage. The voltmeter V2 was not sensitive enough for this work. 
since it was graduated in kilovolts. With S; open and S, closed, the 
voltage was applied to the deflection plates, and its polarity reversed, 
through S;. Unless the line voltage is constant radio B batteries wil] 
give better results. 

The need for such control is shown by Figures 36 and 37. These 
figures show only the left and right halves of osgillograms taken with 
potential differences of 0, +218, +437, and +692 volts applied to 
the horizontal deflection plates from the B battery through S; and S,,. 
(Fig. 35.) The hot-wire gauge readings were the same, but on account 
of changes in the composition of the gases the gauge readings did not 
indicate the same pressures in the oscillograph. This change in gas 
composition resulted from different out-gassing of the films. The 
average deflection computed from Figure 36 is 275 volts per centi- 
meter and from Figure 37 is 215 volts per centimeter. The measure- 
ments were made at the center of the film. 

Figures 38 and 39 show the left and right halves of two oscillograms 
taken after the sensitivity indicated by the cathode beam appeared 
thesame. The average deflection computed from the center of Figure 
38 is 250 volts per centimeter and from the center of Figure 39 is 255 
volts per centimeter. The average rounded value has been taker as 
250 volts per centimeter when the deflection is measured at the center 
of the film using the slowest electromagnetic sweep. The two extreme 
traces on the oscillogram are photographs of the constant voltage 
supplied by the transformer and kenotron to the deflection plates. 
None of the constant potential lines are symmetrical with respect 
to the center of the photograph because the cathode tube had been 
adjusted as given under VII, 1. 

These lines appear curved since the voltage applied to the cathode 
tube is taken from the peak of a 60-cycle wave and therefore varies 
with the time of application. The voltage reaches a maximum at 
the center of the film which is the position of least sensitivity. The 
curvature of the lines becomes less as the speed of the cathode beam 
across the film is increased, because in this case there is a smaller 
change in the cathode voltage in the interval. Observations show 
that as the speed at which the cathode beam is swept across the film 
is increased the same potential difference on the deflection plates 
produces a slightly greater deflection at the center of the film. This 
is to be expected if the cathode beam is swept across the film at sucl 
times as to include different segments of the calibration lines shown 
in Figures 38 and 39. 

By referring to Figure 6 it will be seen that the deflection of the 
cathode beam at the photographic film is greater for a given poten: 
tial difference across plates B than for the same potential difference 
across plates A. Figure 40 is an oscillogram taken with voltages 0! 
0, +218, +437, and +692 applied across the vertical deflectiot 
plates. The vertical deflection was obtained by applying the oscl- 
lator voltage to the horizontal deflection plates. The alignment 0 
the cathode tube was the same as for Figures 38 and 39. Measure 
ments made between the sharp edges starting from the far central 
ruled lines gave an average deflection of 195 volts per centimeter. 
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FIGURE 36 FIGURE 37 


Two sets of calibration lines with sensitivity matched 
with thermocouple pressure gauge, 


FIGURE 38 FIGURE 39 


Two sets of calibration lines with sensitivity matched 
with known voltage and willemite mark. 
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Ficgure 40.—Calibration lines using 
vertical plates 
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FIGURE 41 


Line a indicates the ratio of the sensitivity between the 
horizontal and vertical deflecting plates 














Figure 42.—Effect of nonuniform 
electrostatic fields 


Figure 43.—Magneto impulses used for 
the calibration of voltage dividers 


4 1-megohm resistor was shunted across the magneto 
terminals 
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KiGurE 44.— Magneto impulses used 
for calibration of voltage divider 
without resistor shunted across mag- 


neto terminals 


Figure 46.—Oscillogram used for deter- 


mining the reduction ratio of voltage 


divider using oscillator 
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\t the time this calibration was made precautions had not been taken 
« control the sensitivity of the cathode beam. 

A second method of determining the sensitivity of the vertical 
deflection plates is to determine the ratio of the sensitivity of the two 
pairs of deflection plates and multiply the sensitivity of the horizontal 
deflection plates by this ratio. If s, be the sensitivity of the cathode 
beam to plates A (volts/em) and s, that to plates B, then the ratio 


“! must be constant. This ratio is independent of the voltage 


applied to the cathode tube as well as the composition and pressure 
of the gases in the oscillograph. This ratio is conveniently found by 
applying the oscillator voltage directly to both pairs of plates. The 
Jope of the resulting line, shown at (a) in Figure 41, is the ratio 2, 
which is thus found to have the constant value 1.39 for this deflection 
tube. Only the straight portion of this line near the center was used 
because as will be shown presently a small distortion may take place 
with large deflections of the cathode beam. Thus if s; is known, s, 
is found from s=—. For s,;=250 volts per centimeter, s,=180 
if yolts per centimeter. 

To explain the slight curvature at the extremities of line (a) in 
Figure 41 as well as the progressive shortening of the oscillator ampli- 
tude in Figure 25 it is necessary to consider the space variation of 
electrostatic field intensity transversely across the field between the 
deflection plates. This variation is indicated in Figure 42. The 
traces (g) and (A) were obtained in the same manner as the two ex- 
treme calibration traces shown in Figures 38 and 39. The trace (a) 
vas obtained by applying a constant voltage across the horizontal 
plates (fig. 6) and the oscillator voltage across the vertical plates. 
Between the vertical plates the cathode beam oscillated in a horizontal 
central plane at a frequency of 20 ke. The constant voltage de- 
lected the oscillating cathode beam toward one of the horizontal 
leflection plates, depending upon the polarity. If the field traversed 
ty the cathode beam is uniform the trace on the photographic film 
will be parallel to the plates, and if not, it will travel along a path 
‘lowing the variation in field intensity. The inner edge of (a) was 
reorded at maximum cathode voltage, which may be considered 
‘onstant in this very short interval of 2.5 10-> seconds. The lighter 
portion above this dark line is the record of many oscillations at 
ower cathode voltage. The trace (c) was obtained by reversing the 
polarity of the constant voltage. Trace (f) was obtained in a similar 
manner after grounding the horizontal deflection plates. 

The traces (6) and (d) were obtained by applying the constant 
voltage across the vertical deflection plates and the oscillating volt- 
ige across the horizontal plates. The cathode beam is first deflected 
o the right or left by the vertical plates, depending on the polarity of 
the applied voltage. The cathode beam, deflected away from the 
‘eutral axis horizontally, then enters the oscillating field of the hori- 
intal plates, and oscillates at a frequency of 20 ke. With the con- 
‘tant voltage deflecting the beam to the right the trace (b) was photo- 
ttaphed, and with voltage reversed, (@) was photographed. ‘Trace 
‘) Was taken in a similar manner with the vertical plates grounded. 
he most intense portion, of the traces, which are the inner edges of 
») and (d), were recorded at maximum cathode voltage. 
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If it is assumed that the maximum oscillator voltage remains 
constant during the photographing of (6), (e), and (d), as well as the 
sensitivity as determined by the pressure and gas composition, lines 
joining the ends should show the change in sensitivity with transverse 
distance from the center of the horizontal plates. These lines would 
be parallel to (a) and (c), respectively. They would be difficult to 
draw because the slow electrons striking the middle of the photo. 
grahpic film fall in the same vertical plane as the fast electrons, 
whereas at (6) and (d) they are deflected to the side. 

The curvature of lines (a), (0), (c), and (d) can be attributed to the 
existence of potential fields whose intensities are not uniform through- 
out. 

It has been shown that an oscillogram taken with the oscillator 
voltage deflecting the cathode beam vertically and the slow magnetic 
sweep deflecting it horizontally, with the vertical plates grounded, 
would show a variation of oscillator amplitude depicted by the lines 
(g) and (h) of Figure 42. The amount of this variation diminishes 
as the speed of the sweep is increased. If at the same time a voltage 
is applied to the vertical deflection plates, rapidly increasing to an 
amount sufficient to cause the horizontal deflection (e) to (b), the | 
path of the beam between the horizontal plates is suddenly transferred 
from a field of maximum intensity (a’) to a field of less than maximum § 
intensity (a). If now the combined action of the electrostatic field 
of the vertical plates and the electromagnetic field of the sweep has 
not caused the beam to be deflected entirely off the photographic 
film, the resulting oscillogram will show a change in the amplitude of 
the oscillation. This change in amplitude will depend upon the hori- 
zontal displacement of the cathode beam by the voltage across the 
vertical deflection plates as well as the instantaneous cathode voltage. 
These two effects may either counteract or reinforce each other. 
Effects of this kind are believed to be the cause of the progressive 
shortening of the amplitude of the oscillation at (a), (b), (c), and (d 
shown in Figure 25. In order that the shortening in Figure 25 be 
explained quantitatively by Figure 42 it is necessary to assume thet 
the cathode beam in the former is displaced more to the right tha 
the displacement shown in the latter figure. | 

While it is possible to explain qualitatively, at least, tly 
lengthening of (g) and (fh) in Figures 21 and 22 in the same manner, 
it is believed that these spurious effects were caused by Vz and V; 
becoming large. This seems all the more reasonable since a lengthen- 
ing appeared in Figure 11 with no potential difference between the 
deflection plates. It is also now apparent why the extremities of line 
(a) in Figure 41 are slightly meiiski 

It is not intended to discuss these effects in detail or make a study 
of the variation of voltage throughout the whole field, but peculiar 
effects were obtained and their interpretation was difficult until the 
oscillogram shown in Figure 42 was taken. 


VIII. CALIBRATION OF THE CAPACITANCE VOLTAGE 
DIVIDER 


If the capacitance of each capacitor and lead wire were accurately 
known, the quantity represented by K, which has been called the 
reduction factor of the voltage divider, could be calculated. If this 
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method is followed, care must be taken in measuring the capacitances 
of the six capacitors as well as the leads between the capacitors. The 
disadvantage of this method is that it requires a series of careful 
measurements with each change in the settings of the capacitors. 

It is more feasible, therefore, to calibrate experimentally, and this 
may be done in two ways: (1) By applying a known alternating 
voltage across the divider and photographing the resulting cathode 
beam deflection, and (2) by determining the ratio between the 
cathode beam deflection when an alternating voltage is applied di- 
rectly to one pair of plates and the reduced voltage to the other pair. 


1. CALIBRATION BY APPLICATION OF KNOWN VOLTAGES 


The leakage which takes place through the insulation of the 
capacitors prevents the use of a constant voltage for calibrating a 
capacitance voltage divider. A convenient source of alternating volt- 
age is found in the magneto, since the polarities of consecutive impulses 
are of opposite sign. The circuit connections for calibrating are shown 
in Figure 35. The electrodes G were separated to prevent a spark 
discharge across the gap. The voltage induced in the secondary of 
the magneto M was controlled by shunting variable resistances R, 
and R, across the primary breaker contacts. This voltage was ap- 
plied to the divider through switches S, and S;, the latter switch 
controlling the polarity applied to the deflection plates. The keno- 
tron K acted as acheck valve and allowed the voltmeter V, to indicate 
the peak voltage. The magneto, which was synchronized with the 
oscillograph, generated 36 surges per second, 18 positive and 18 
negative with respect to ground. 

Figures 43 and 44 are oscillograms showing the application of this 

method with and without the resistor R; shunted across the secondary 
of the magneto. Voltage divider circuit 5 was used. In Figure 44 
the peak voltages indicated by the voltmeter were 2,000 and 6,000, 
and are, respectively, represented by (bd’) and (bc’), where (b) lies 
on the line of zero potential difference. The corresponding voltages 
en polarity remaining from the previous surge are (db) and 
(cb). 
_ The advantage of using the l-megohm grid leak R; is shown by 
figure 43. In this case the potential difference across the gap is 
quickly brought to zero. The surges were all of the same polarity 
with respect to the magneto, but their polarity with respect to the 
deflection plates was reversed on each voltage by switch S;. (Fig. 35.) 
The peak voltages represented by (a) and (a’), (b) and (6’), (c) and 
(c’), and (d) and (d’) are, respectively, +2,350, +4,075, +5,900 and 
~6,075, and +9,600 and —9,750. These deflections determine the 
lines (2) and (6) shown in Figure 45. Since no two surges are exactly 
alike and the voltmeter indicates the average of 18 surges per second, 
a variation between observations is to be expected. Before photo- 
graphing the surges shown in Figure 43, the sensitivity was checked 
in the manner described in Section VII. 

With a smaller reduction ratio the straight line (d) in Figure 45 
was determined. The plotted points represent the average of six 
independent observations. They were taken to show that the re- 
duction factor of circuit 5 is constant, and that the deviations of the 
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plotted points in Figure 12 become less as a greater number of observa. 
tions are averaged. These deviations are caused by the magneto 
since the peak voltages of two sparks are not necessarily the same. 


g the oscillator. 
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a and 6 are calibration lines for circuit 5 using known voltages. 
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2. CALIBRATION BY USE OF THE OSCILLATOR 


A method for using the oscillator supplied with the oscillograph to 
determine the relative sensitivity of the two pairs of deflection plates 
has already been discussed. This method, which consists simply 0 
applying the undivided oscillator voltage to one pair of plates and the 
divided voltage to the other pair, is also useful for calibration. The 
slope of the resulting line, of which Figures 13 and 46 are examples, 
determines the ratio 

Vs = Vs’ 

Va-Va 
after the ratio of sensitivity between the two pairs of plates has been 
determined. 
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In Figure 46 the straight line (a) was obtained by applying the 
oscillator voltage directly to the vertical deflection plates and the 
divided voltage (using circuit 5) to the horizontal plates. The same 
capacitor settings were used as for Figure 43, the reversal of slope 
being obtained by reversing the leads to the voltage divider. The 
exposures shown at (6) and (c) in Figure 41 were made after making a 
small change in the capacitor settings. With the divided voltage 
applied to the horizontal plates, as in this instance, the reduction factor 
‘ 6. : ° 
K is equal to 3, where 6, is the mean of two deflections measured 
1 
along two vertical ruled lines, 6, is the total horizontal deflection 


measured between these lines, and v=— =the ratio of sensitivity for 


82 
plates A (horizontal) in volts per centimeter to that for plates B 
(vertical). The constant vis 1.39. Measurements made on Figure 46 


gives 6; = 0.55 cm and 6.=10.75 cm. Hence, 70.071. 


On account of the small slope produced, when K becomes greater 
than 15 or 20 the method just described may not be found prac- 
ticable. In such cases it will be necessary to calibrate by the method 
of applying known voltages. But the convenience of using the aux- 
iliary equipment supplied with the oscillograph makes the second 
method preferable when the reduction ratio is of such magnitude as 
to allow its use. It is then unnecessary to obtain a source of high 
alternating voltage or high-voltage measuring instruments. (The 
term “‘high voltage” is relative. The maximum voltage used in this 
investigation was 10,300.) 

It is interesting to note that method (2) gives 

by Uf ak 
kK Va a Vi.’ 
absolutely, without regard to the sensitivity of the cathode beam. 
_ To compare the results obtained by the two methods of calibration 
it is only necessary to substitute this value of K in the expression, 
V 
D=*, 
where D is the deflection in centimeters, V is an arbitrary applied 
voltage and s is sensitivity in volts per centimeter. Let V=10,000. 
ey the previous sensitivity measurements (Sec. VII) it is known 
that 
8, = 250 volts per centimeter 
and 
S,= 180 volts per centimeter 


and for the same capacitor settings Rg was found above to be 0.0712. 


Therefore 
D,=0.071 > ep = 2.85 em for plates A 


and 
10,000 


= 3.95 cm for plates B 
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The deflection D, is indicated on Figure 45 by the lines (c) and (¢’), 
and agrees closely with the calibration by the method of know 
meyer ree If the leads had been reversed and another straigh; 
ine obtained the average of the two would give a better value for) 
than was obtained from the single line (a) in Figure 41. This should 
lead to a better agreement between the two methods. 


IX. CONCLUSION 


The results of this investigation show that if it is desired to measur 
voltages in spark discharges whose peak voltages lie within the rang, 
found in the average automotive engine ignition system, voltage 
divider circuit 5 will probably be found satisfactory for use with 4 
cathode ray oscillograph of the type described. However, it is wel 
to call attention to the fact that some of the other circuits may le 
equally satisfactory for other types of measurements. The faint 
traces which were observed in oscillograms due to oscillations in the 
voltage divider circuit can probably be eliminated by inserting 
resistances as was done in circuit 5. One of the chief merits of the 
capacitance voltage divider is its adaptability to a wide range 0! 
conditions of voltage measurement. 

Resistance voltage dividers are unsatisfactory for frequencies 
commonly found in spark discharges unless special care is taken to 
balance the capacitance and inductance of the resistance. In the 
development of the equation for resistance voltage dividers only the 
simplest assumptions were made as to capacitance, and the induwe- 
tance of the resistors was completely neglected. This equation, 
therefore, represents only in a very rough way what actually occur, 
The oscillograms obtained in testing the resistance divider are evidence 
in themselves of the unsuitability of this type of divider for high- 
frequency work. 

In the literature of cathode ray oscillography there has been a dis. 
appointing lack of detail regarding the theory and technique 0 
measurements. It is hoped that the details set forth in this pape 
will be of value to those who are using the instrument in work of 
similar nature. 

Another point that can hardly be overemphasized is the fact that 
in this work no phenomena have been recorded by the oscillograph 
that have not been susceptible of rational explanation. It has bee 
the repeated experience of the authors that recorded phenomen 
which are most baffiing when first observed on an oscillogram cat 
usually be interpreted after careful study and experimental invest 
gation. 
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